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The process of capturing solid geometry as 3 dimensional data requires the use of
laser based reverse engineering hardware, known as a digitizer. Many digitizers exist as
articulated coordinate measuring machines augmented with a laser, which forces the
operator into many postures that are not ergonomically sound, particularly in the
operator's upper body. This study analyzes the traditional method of laser digitizing using
modern methods and technologies. An alternative user interface using a head-mounted
monocular display is hypothesized and evaluated.
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INTRODUCTION

Background
As manufacturers strive to develop goods with advanced features and shorter lead
and manufacturing times, product quality and process control have become a pressing
concern. This is due to the fact that quality (or lack thereof) can affect profit dramatically
(Breyfogle, 2003). This realization has brought about many tools to enable manufacturers
to achieve more profit through better quality. Some of the tools used by industry are
methodologies, such as Six Sigma, which exist as a systematic implementation of
statistical analysis to discover information about the manufacturing process itself and
how variation within this manufacturing process leads to variation in the product
(Breyfogle, 2003; Pyzdek, 2003). Other tools exist as physical inspection devices, such as
digital calipers, gauge blocks, and coordinate measuring machines (CMMs). Both the
quality methodology and measuring equipment work in tandem to allow manufacturers a
deeper insight to their manufacturing processes. Manufacturers strive to discover product
variation from the data collected and analyzed through these tools and methodologies.
Once product variation is quantified and patterns are identified, manufacturers can begin
to take corrective measures to control product variation and therefore quality within their
finished goods.
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To facilitate any quality control effort, manufacturers must establish a base line
for inspection of both components and the equipment used to measure manufactured
goods. The base line (also referred to as the product specification) defined by
Engineering fulfills the role of product research and development within most
manufacturing organizations. (Kalpakjian & Schmid, 2009). The product specification
can be provided to manufacturing and quality as either three-dimensional computer aided
design (CAD) models or two-dimensional technical drawings. From this documentation,
manufacturing is tasked with implementing the processes needed to create the physical
product, which meets the design specification. It is the role of quality to ensure that the
manufactured geometry and specifications of the physical product match those as defined
by engineering. However, complex three-dimensional geometry has historically been
difficult for manufacturers to capture and until recently dimensional geometry was
inspected (and still is to some degree) using hard fixtures with fixed probe points
(Breyfogle, 2003).
There are many problems associated with inspection fixtures. Initially, they are
very expensive to manufacture because they must be custom made for the particular
aspect of inspection. Secondly, they are "Go, No-Go" in that products are placed on the
fixture, and if the specific points are not directly and perfectly in contact with the probe
points on the fixture, the product is a failure. If the product matches the fixture, the
individual performing the inspection will declare the product to be within tolerance.
Inspection fixtures introduce several problems in addition to their expense. The
fixtures exist as physical objects, which suffer wear, which will eventually result in faulty
inspections, i.e. the failure of good parts, or the passing of poor parts. One of the largest
2

weaknesses of inspection fixtures is the inability to communicate surface deviation across
the entire surface of the product. This is because of the limited inspection area, which
exists as points distributed across the surface of the product. This requires the
manufacturer to qualify fixtures, as well as the parts they are measuring (Breyfogle,
2003). Inspection fixtures lead manufacturers to realize that the part is out of tolerance at
specific points, but offer little insight of the total geometrical deviation across the surface
of the parts (Marino, 2007).
One alternative to inspection type fixtures has been the incorporation of tablebased CMMs into the realm of manufacturing inspection as illustrated in the left side of
Figure 1. These machines exist to perform the same function as the inspection fixture;
inspecting established geometrical tolerances by measuring specific points across the
geometry of a specimen. These CMMs offer several advantages over traditional
inspection fixtures. Firstly, they can be used for multiple products, as their capture
volume is not rigid. Secondly, they are more flexible than inspection fixtures because a
finite three-dimensional coordinate is assigned to each data collection point, versus a
subjective visual inspection. Thirdly, depending upon the CMM, they can be
programmed to probe and analyze specimens automatically, or semi automatically,
potentially speeding the inspection process (Marino, 2007).

3

Figure 1.
An example of a table based CMMs left (Brandstetter, 1986), and a closeup view of the touch probe used by the CMM to measure components right; (Raab,
2002).
Table based CMMs are contact based machines. That is, they measure objects
through touch, by probing the objects with a spherical tool, as illustrated on the right side
of Figure 1. The probe exists as a hard sphere (usually made of ruby or quartz), which the
operator navigates to the feature of interest from a pre-defined theoretical origin which
exists either on the part or the machine. The output of the CMM is the accurate and
repeatable (dependent of the machine, calibration and environment) three-dimensional
4

coordinates of inspection points on the surface of the geometry of interest. Part features,
such as surfaces and holes are evaluated against what their actual geometry should be as
generated from the computational engineering models (Brandstetter, 1986; Kalpakjian &
Schmid, 2009;).
Some of the weaknesses of table-based CMMs include that they are expensive to
purchase, install and they require special training for operating personnel. Additionally,
they are very sensitive to environmental conditions such as temperature and vibration.
CMMs are not portable, and they exhibit limited capture volumes (Kalpakjian & Schmid,
2009; Raab, 2002). Table-based CMMs do not completely portray the actual geometrical
characteristics of the product they are inspecting, because too much data are missing.
Feature geometry is built from relatively few features, which might not accurately
represent the geometry being inspected (Raab, Sajedi, Helm & Hobden, 2006). For
example, a hole (cylinder) can be constructed from as few as three points (two "arc"
points, and one "depth" point) with data collected from a CMM. The actual geometry
(cylindricity) of the hole clearly cannot be inspected from this scenario, however the
measured hole geometry can be created, and the hole could be erroneously measured with
respect to positional or cylindrical tolerance based on these measurements. There exists
potential for a tradeoff, between measurement resolution (in this instance, resolution
refers to the number of points required to accurately represent the geometry) and time to
measure specimens.
One answer to these problems was the creation of articulated arm-based CMMs,
illustrated in Figure 2, by companies such as Faro Technologies Inc. (125 Technology
Park - Lake Mary, FL 32746). These CMMs exist as several rigid sections (arms)
5

connected by three-axis encoders placed within the joints, which accurately measure the
rotation of the joint. Because the length of the arm is static, very accurate point
coordinates are computed very quickly by triangulating the angles of the encoders with
the lengths of the arm. Articulated arm-based CMMs allow the machines to be very
versatile because they are light weight, take up very little room in relation to their capture
volume, and they are easy to use, requiring only a day or two of training (Marino, 2007).
However, arm-based CMMs still suffer the same data quality issue of fixture-based
inspection and table-based CMMs. That is, limited data collection that does not
accurately describe the three-dimensional component completely because measurements
are still based on limited points of measurement. Like table-based CMMs, they are also
prone to interference from environmental conditions such as temperature and vibration,
and they cannot be programmed to probe components automatically, because they require
a human operator to support the machine (Littell, Babski-Reeves, McFadyen &
McGinley, 2007).
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Figure 2.
An articulated arm based coordinate measuring machine (left; Raab, et al.
2006) and an illustration of how the CMM's touch probe is oriented to measure a
specimen (Raab, 2002).
In response to the realization that gathering more data potentially leads to higher
quality and more versatile inspections, CMM manufacturers began to experiment with
laser technologies and cameras to allow their machines to accurately capture swarms of
three-dimensional points. These swarms of hundreds of thousands of points can be
computationally reconstructed to represent actual three-dimensional surface
measurements (Marino, 2007; Raab, Sajedi, Helm & Hobden, 2006). The result of this
experimentation lead to the development of an accessory to an articulated arm-based
CMM. This attachment, called a laser probe or laser line probe is illustrated in Figure 3.
The probe operates by projecting a laser stripe onto the surface of the object of interest. A
camera that is built into the probe and offset from the laser triangulates points along the
line that is generated by the laser. As the curvature of the laser changes with the surface
geometry, three-dimensional points are created computationally within the workstation
that is attached to the CMM. By collecting thousands of points, the system is able to use
7

these swarms of points to construct a very fine triangular mesh that represents the form of
the surface (Raab, et. al, 2006).

Figure 3.

Faro brand laser line probe (Raab, et. al, 2006).

Once the component of interest has been scanned and the triangular mesh has
been created, post-processing is required to remove holes and artifacts before it can be
used for analysis as illustrated in Figure 4 (Raab, et al., 2006). For this example, an
original CAD model was defined and used as a datum (or theoretically perfect model),
and compared against the scanned model of the product of interest. A deformed CAD
model was then used in the place of a part that exhibits deviated physical geometry. The
inspected geometry was then digitally compared to the datum CAD model. Point
deviations are displayed as a color map, while correctly manufactured geometry is
displayed as a solid color. Through this methodology, differing geometry is visualized,
8

portraying an accurate and complete picture of three-dimensional surface variation across
the geometry of the part.

Figure 4.

Scan data are digitally compared against previous scan data.
Statement of the Problem

One weakness of articulated-arm based CMMs is their reliance on the human
operator to support the machine while being used. Additionally, the laser probe has very
specific requirements concerning its proximity to the geometry of interest. For example,
the laser line has to be within ±15 degrees of perpendicular to the object, and the probe
9

must be within 3 to 6 inches from the surface of the geometry of interest. The laser probe
weighs 0.5 kg without the additional weight of the arm, which is enough to produce
substantial loads on the back of the user as the device is cantilevered away from the user's
body. The device can also create discomfort when supported at arm's length for very long
periods. The posture of the operator of the digitizer is further compromised by repetitive
neck turns required by the user to refer to the workstation monitor to ensure that the data
that are being collected are high quality (Littell, et al., 2007). Therefore, by eliminating
the constraint of the workstation display, the operators should be able to improve their
posture, which would enhance the user experience of using the digitizer. This was
achieved though the augmentation of a head-mounted display (HMD) as illustrated in
Figure 5. The augmentation of a traditional Faro brand articulated arm-based laser
digitizer with an occluded monocular display is hypothesized to enhance the user
experience of digitizing objects.
This study seeks to evaluate the physiological effects of using a head-mounted
display as an alternative interface over the traditional workstation based interface, and
also to evaluate which interface the users prefer. Physiological effects and user
preference will be determined by evaluating several research questions. This study will
also evaluate the general dynamics of using HMDs during a task that requires hand-eye
coordination. Laramee & Ware (2002) stated that "more research should be done in order
to evaluate the effects of HMDs on motor skills and hand-eye coordination. In other
words, would simple tasks involving hand-eye coordination be affected by the use of a
HMD?" (Laramee & Ware, 2002, p.249). Evaluating this question is also one of the aims
of this study.
10

Figure 5.
A head-mounted display augmented, articulated arm-based laser digitizer
(used with permission, courtesy of Russ Houston/Mississippi State University Relations).
Research Questions
1. Does the monocular augmentation improve the existing ergonomic conditions
of the Faro Arm?
2. Do users prefer to use the monocular augmentation or the traditional
workstation with the Faro arm laser digitizer?
3. Does using a monocular display in conjunction with the Faro arm laser
digitizer allow the user to digitize more efficiently?
Scope and Limitations of the Study
This study was limited by the sample existing as volunteers from Mississippi
State University (MSU). It can therefore only be generalized to those who chose to be a
participant in the study. The procedure further limited this study by excluding anyone
outside of the acceptable age range of 18-35, persons who do not have 20/20 vision
(naturally or corrected), and individuals who feel that they are prone to motion sickness.

11

Because of the nature of the task, participants were also required to be free from existing
injury and they had to be willing to wear the equipment required to gather data.
This study was delimited to novice users as a significant sample of professional
users was unable to be obtained by the researcher. Additionally, this study was conducted
within a laboratory environment free of distractions that may be present in industrial
applications. The specimen was chosen to be relatively easy to digitize due to its
consistent color and relatively small size. Digitizing more complex specimens with the
treatment was not studied due to time and training constraints.
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LITERATURE REVIEW

Introduction
The Industrial Revolution began in England in the 1750's and quickly spread to
the United States (U.S.). By the 19th Century, the traditionally agrarian society of the
United States was thrust into performing repetitive manual jobs which produced
consumer goods at astonishing rates, drastically changing the economy of the country
(Bagchee & Bhattacharya, 1996; Kalpakjian & Schmid, 2009). Employee selection was
based on who could do the job, and workers were viewed as expendable. However, as
technology advanced, so did consideration for the humans performing the task. Perhaps
the first example of this occurred during the civil war, with the design of the C.S.S.
Hunley, which was the first submarine to successfully destroy an enemy vessel, (the
U.S.S. Housatonic located in Charleston Harbor). The designer, Horace L. Hunley,
recruited eight soldiers who were short of stature and possessed superior upper body
strength to drive the crank shaft of the vessel, which had a diameter of 4 feet. Hunley
viewed the individuals he recruited as a design constraint of his ship (Meister & O'Brien,
1996).
During the early 20th Century, efficiency experts such as Fredrick Taylor
analyzed and adjusted manual tasks to optimize production rates, with little regard for
employee health. Like Hunley, Taylor viewed workers as a constraint. However, the
13

scientific methods introduced by Taylor in his book, Principles of Scientific Management
(1919) gave birth to modern time-and-motion study methods. This ground work paved
the way for the modern ergonomics methods of task analysis through experimentation
and statistical analysis. The difference between Taylor and modern ergonomists is the
context for which their analyses are used. Taylor optimized manufacturing processes
using manual labor. Today the focus of ergonomics is to improve the human experience
of manufacturing tasks for the person performing manual labor while also meeting
manufacturing requirements (Meister & O'Brien, 1996).
After World War I, many advances were made in the field of human factors. As
vehicular systems (specifically tanks and airplanes) increased in their complexity,
operator intelligence became more of a factor of efficient operation; "The British noted,
for example, that 90% of all fatal accidents were the result of 'incapacity,' or 'individual
deficiencies' (Meister & O'Brien, 1996 p.6). In response to this, the military began to test
personnel, and divide them based on specialty. After World War II, great advances in
technology lead to advances in human factors, particularly biomechanics, and
occupational biomechanics (Annis & McConville, 1996; Bagchee & Bhattacharya, 1996).
The U.S. Military began to place individuals based on performance assessments in
addition to the traditional paper based tests. Research laboratories were developed with
the intent of researching human interaction. The trend of human research continued
during the Cold War. The U.S. government funded large research efforts in the areas of
psychology, sound and display interaction (including the utilization of head-mounted
displays) with respect to the human operator with the hopes of increasing the safety and
efficiency soldiers completed tasks (Meister & O'Brien, 1996).
14

The disregard for laborers in the past resulted in the creation of unions and safety
regulations established and enforced by governmental agencies. One example of this can
be found in the Occupational Safety and Health Act of 1970, which generally states that
employers must provide a safe workplace and utilize common sense to identify and
remove hazardous conditions in addition to following guidelines as specified by the
agency. This act also created the National Institute of Occupational Safety and Health
(NIOSH) to research and propose standards and guidelines enabling preventative
measures to be implemented by private and public companies and governmental entities.
The guidelines as recommended by NIOSH are adopted then enforced by a federal
agency, the Occupational Safety and Health Administration (OSHA), formed to regulate
working conditions and protect workers' rights.
Many physical tasks are required to transform raw materials into finished goods in
today's industrial economy. While many of these tasks are ergonomically sound, some
tasks will cause injury to workers over time. Due to their frequency and severity, back
injuries have received attention from manufacturers, as well as governmental agencies.
The goal is to mitigate the high cost in terms of treatment and employee time lost
associated with back injuries. Overtime, 80% of people will experience lower back pain,
which is in general caused by manually moving (pushing, pulling, or lifting) an object, or
performing a task (Brogmus, 2005; Lin, 1999;).
"After nearly a century of research and attempts by safety professionals to control
lower back pain, it is still the dominant workplace injury in industry" (Brogmus, 2005,
p.1). Because of the expense of back injuries, much research has been committed to job
or task analysis.
15

Gao, Tanaka, Halperin & Cameron, 1999 made the following statement:
Back pain is the most common reason for the filing of workers' compensation
claims in the United States. It accounts for about one fourth of all claims, and one
third of total compensation costs. Back pain, which results in about 40% of
absences from work, is second only to the common cold as the most frequent
cause for sick leave. In 1990, estimates of the cost of back pain in the United
States ranged from $50 billion to $100 billion. (p.1029.)
"Overexertion injuries (mostly back injuries) account for nearly 30% of serious
workplace injuries (Liberty Mutual Workplace Safety Index). This is estimated to have
cost US businesses over $13 billion in 2002." (Brogmus, 2005, p.1). Biomechanical
engineers believe that back injuries, especially lower back injuries are prevalent because
of extreme compression forces placed on the vertebra of the user during physical
translation tasks. When a person lifts an object while standing, muscles have to oppose
gravity. An equal amount of force must be generated and applied within the persons back
muscles to oppose the cantilevering effect of the person's arms for the person to remain
standing. For many tasks, these compression forces can exceed 1000 Newtons (Lin,
1999). Cantilevered forces such as these can also be introduced by using equipment such
as articulated arm-based laser digitizers, which require the operator to support the
equipment for prolonged periods of time.
Modern Human Factors Testing: Ergonomics Analysis
Manufacturing related injuries to the human spine could be cumulative in nature,
that is, trauma builds up over time, with the end result being an injury that requires
professional intervention to treat (Marras, 2003). These injuries are very expensive to
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manufacturers who are legally responsible, due to the frequency of the injuries, actual
cost of treatment, as well as the hidden costs associated with working time lost, training
and retraining and lawsuits (Lin 1999). As a result of the expense and commonality of
physical injuries, methods of analysis were developed with an emphasis in reducing the
chance of sustaining physical harm from performing routine tasks (Hignett &
McAtamney, 2000; McAtamney, & Corlett, 1993).
Ergonomic tools have been developed to measure the ergonomic risk of a task.
"In general, ergonomic tools attempt to answer three fundamental questions:
1. Is there a problem or opportunity with a task?
2. If a problem or opportunity exists, what is the nature of the risk or inefficiency?
3. How much injury risk or potential productivity benefits exists?
Ergonomic tools can also be used to assess intervention success post hoc."
(Adams, 2005, p.1). Regardless of the type of ergonomic evaluation, three aspects of the
task being analyzed should always be reported. These aspects are the force required by
the operator, repetition and duration of the task with respect to the operator's
anthropometry and posture (Chaffin, 2002; Corlett, 1999; David, 2005). In order to apply
ergonomic assessments to evaluate a given task, data must be collected about the task. It
has been recognized by the ergonomic community that there are three different methods
of conducting ergonomic evaluation; self-reports, observational methods and direct
measurements (David, 2005).
Self-Reporting Methods
Self-reports are perceptual type instruments that record how the participant feels
about a given independent variable. They exist as subjective reports, and as such, they are
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prone to variation due to issues with literacy, leading questions, instrument design, and
comprehension of what is being asked (Charlton, 1996). Self-reports are inexpensive,
quick and generally easy to gather data from for the researcher. They also provide firsthand information about tasks that might otherwise not be realized (David, 2005).
Observation-Based Methods
Video-based ergonomic analyses are classified as observation-based methods
(David, 2005) and have been used for years to perform ergonomic analysis. Videos are
captured of individuals performing the task, and are used to perform paper based
ergonomic analysis. Recently, digital human models as illustrated in Figure 6, have been
used in conjunction with video to allow ergonomist's to perform tasks virtually. This
practice enables many traditional posture based analysis to be completed throughout the
task. By using video, ergonomic analysts can place digital human models in task
postures. By adding computational loads, ergonomic analysis can be performed.
However, in the context of visual methods of ergonomic analysis, the manual placement
and movement of the digital human model in the environment can be subjective as the
three-dimensional placement of the digital human model is based on the best guess of the
operator. (McGinley, 2007; Thomas, McGinley, Carruth, & Blackledge, 2007).
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Figure 6.

An example of a digital human model from the program CATIA V5.

Observational methods of ergonomics analysis have been used for decades within
manufacturing industries to improve manufacturing processes (David, 2005; Meister &
O'Brien, 1996). Perhaps the best example of this can be found in the Taylorism
movement of the 20th century. The culmination of the Taylorism movement was the
time-and-motion study which is still used today to investigate manufacturing dynamics.
However, the focus on time-and-motion studies is usually on material handling and
manufacturing task completion rather than the human element of manufacturing (Meister
& O'Brien, 1996).
Paper Based Ergonomic Analysis
In response to increased injury rates within the last two decades, European
governments began to force employers to assess risks. Additionally, employers are
required to recommend and implement changes to avoid bodily harm to their employees
(Corlett, 1999). To assist employers, safety agencies such as OSHA, (created to enforce
the Occupational Safety and Health Act of 1970) and the European Union Health and
Safety Directive No. 89/391/EEC were created. These organizations have responded to
19

manufacturers' compliance needs by creating guidelines and methodologies for assessing
risk associated with physical tasks. The ergonomic analysis tools required by
manufacturers had to be easy to use assessments which provide the means to proactively
prevent as many injuries as possible. Thus the Rapid Entire Body Assessment, (REBA),
(Hignett & McAtamney, 2000) and the Rapid Upper Limb Assessment (RULA) were
established along with several other task assessments. Today, REBA and RULA are
considered industry standards, and are commonly used to grade how dangerous a task is
(Corlett, 1999).
RULA and REBA were developed to provide an easy, proactive, graphical tool
that ergonomists could use with little industrial training (McAtamney, & Corlett, 1993;
Hignett & McAtamney, 2000). Both give a rating on the major conditions that could yield
a risk to the operator over time. Both tools are paper based and are illustrated in Figures 7
and 8. RULA and REBA use the best estimations of the individual's posture based upon
observations or directly measured joint angles to provide the inputs for the form as
determined by the ergonomics practitioner. For RULA, the end result is a score (1-8)
which provides one of four action levels; acceptable (1-2), further investigation (3-4),
changes required soon (5-6) and changes required immediately (7-8) as illustrated in
Figure 7 (Corlett, 1999). REBA employs a score systems as well (from 1-15) which
provides five levels action: None (1), May be necessary (2-3), Necessary (4-7),
Necessary soon (8-10) and Necessary now (11-15), as illustrated in Figure 8. RULA and
REBA both allow the ergonomist to quickly evaluate a task for the likelihood of injury,
which in turn reduces the likelihood of an in depth investigation of every industrial task,
and provides a quick quantitative tool to evaluate ergonomic interventions. The
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differences between RULA and REBA exists in the types of task they were created to
identify. REBA was created mainly to score awkward postures within health care and
other service industries (Hignett & McAtamney, 2000), while RULA was created to
evaluate repetitive tasks (Corlett, 1999, McAtamney & Corlett, 1993).

Figure 7.

Simplified RULA Score Sheet: (Hedge, 2001a; used with permission).
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Figure 8.
Simplified REBA Score Sheet: developed by Hignett, & McAtamney,
2000 (Hedge, 2001b; used with permission).
RULA and REBA are considered to be observational based methods of
ergonomic analysis. While they are paper based, they exist as two distinct evolutions of
previously created ergonomics analysis. Early forms of paper based ergonomic analysis
tools include the Posture-Gram by Priehl in 1974 and Posture Targeting by Corlett et al.
1977 as cited in Yen & Radwin, 2000. An entire body assessment tool was developed by
the Finnish Institute of Occupational Health in 1992 called the Ovako Working posture
Analysis System (OWAS);(Corlett, 1999; Hignett & McAtamney 2000; Karwowski, &
Rodrick, 2001), which lead to the development of modern assessments such as the RULA
(McAtamney and Corlett; 1993) and the REBA assessment (Hignett & McAtamney,
2000). These paper-based ergonomic analyses are performed for the various postures of
the dynamic task of interest, and ergonomics analysis is tabulated manually. However,
the problem with each of these paper based methods for dynamic task analysis is the fact
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that they are based on static postures, which may not accurately represent the three facets
of ergonomic analysis. Force, frequency, and task duration with respect to operator
anthropometry and posture should always be considered when performing an ergonomic
analysis or intervention (Chaffin 2002, David 2005).
Because both the RULA and REBA assessments are based on measurements of
human postures during the task, precise measurements should be taken to complete the
analysis whenever possible. This has always been a challenge for researchers and
practitioners performing ergonomics analysis. Until recently, it was not possible for
researchers to accurately and in real-time capture the motion of subjects to generate
anthropometric measurements. Traditionally, the joint angles and postures of human
subjects were measured by hand held gauges and manual goniometers, or estimated from
video. This method inherently introduces variation into measurements due to
inconsistently measured angles (Thomas, McGinley, Carruth, & Blackledge, 2007).
Direct Methods
Direct methods of ergonomic analysis require calibrated equipment that measure
quantitative data directly from the human subject being studied. Exact postures and joint
angles can be collected through the use of motion capture systems. However, these
systems are very expensive, and require highly trained operators and a trained ergonomist
to interpret the results. They are rarely seen outside of a laboratory environment due to
the high cost in terms of time to set up and calibrate the system (David, 2005). Motion
capture systems typically employ one of two methods of data collection: optical or
electromechanical/magnetic. Among these two methods of motion capture, ergonomists
can capture either full or partial body data depending on the task of interest. Typically,
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full body data are collected to be used with digital human models such as the one
illustrated in Figure 9, while partial body data are collected for higher fidelity studies
pertaining to one particular area of human physiology (Li & Buckle, 1999).
Optical motion capture systems rely on a system of cameras and reflective
markers to achieve human motion capture as illustrated in Figure 9. Markers are placed in
known patterns on strategic areas of interest of the human subject's body, and motion
capture is achieved through the triangulation of the markers from multiple cameras as
illustrated in Figure 10. Optical systems are flexible in that they can be used to collect
either full body motion or partial body motion at a higher resolution. Motion capture
systems digitally link the movement of the markers on the subject to the digital human
model, illustrated in Figure 11, which is then used to perform many computational
ergonomic analysis of the task (Thomas, McGinley, Carruth, & Blackledge, 2007).
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Figure 9.
Example of a marker set for a typical optical motion capture system(used
with permission courtesy of Russ Houston/Mississippi State University Relations).

Figure 10.

An Example of the data collected from an optical motion capture system.
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Figure 11.
Ergonomics analysis is performed on human motion data model utilizing a
generic digital human model (Duffy, 2003).
Optical systems are expensive and time consuming to operate (David, 2005).
Sensor noise and marker movement combined with the traditionally nonconcentric
centers of human joints all contribute to the contamination of optically captured data
(O'Brien, Brodenheimer Jr., Brostow, & Hodgins, 2000). Furthermore, marker occlusion
and reflection can create problems requiring extensive post processing. Other issues such
as the physical size of the system, finicky calibration, and system requirements contribute
to the difficulty of field deployable optical motion capture systems (Thomas, McGinley,
Carruth, & Blackledge, 2007).
Electromechanical methods of ergonomic analysis can use either mechanical or
magnetic encoders to calculate joint angles and rotations as they change throughout the
task. These systems are less expensive than optical systems, but they require the subject
to wear bulky and often heavy equipment illustrated in Figure 12, which could influence
the motion of the subject during the task. One advantage of an electromechanical method

26

of motion capture is the short time to calibration, and ease of portability when compared
to optical motion capture systems (Thomas, McGinley, Carruth, & Blackledge, 2007).

Figure 12.
An electromechanical Motion Capture Suit (used with permission courtesy
of Russ Houston/MSU University Relations).
It is also possible to capture human motion through partial electromechanical
motion capture systems, which can exist as electrotorsiometers or electrogoniometers as
illustrated in Figure 13. By isolating their study to a specific area of interest, the
ergonomist can use specialized equipment to measure the area of interest at a very high
level of fidelity, with relatively little calibration, setup or post-processing. For example,
an electrogoniometer paired with a torsiometers is commonly used to collect rotational
data, as well as angular data (with respect to frequency and time) on complex joints such
as the wrist (Babski-Reeves & Crumpton-Young, 2003).
27

Figure 13.
An electromechanical joint measurement device called a torsiometer (top)
and an electrogoniometer (bottom).
The ends of electrotorsiometers and electrogoniometers are attached to the subject
by means of adhesive and connected to a control box worn by the subject. The units then
calculate electrical resistance through a thin wire that connects the two halves of the
apparatus. The electrical resistance value is then translated to an angular measurement
(Thomas, McGinley, Carruth, & Blackledge, 2007). These devices can be useful if the
researcher wishes to employ direct methods of ergonomic data collection while bypassing
the overhead required to support full digital human models.
Ergonomic Measurements of Force as a Direct Measurement
The three methods of ergonomic analysis (self-reports, observational and direct
methods) discussed thus far have only addressed two of the three facets of ergonomic
analysis: frequency and duration. The third facet, force required by the operator, can be
quantified through use of electromyography (EMG) systems using either surface
electrodes as shown in Figure 14 or probe electrodes. Probe electrodes that penetrate the
muscle of interest, called needle probes, can also be used as an alternative to surface
based electrodes. Needle probes offer greater control for the researcher investigating
individual muscle dynamics, however they are more uncomfortable for the subject
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performing the task. EMG systems measure electrical resistance, in ohms, as an
indication of how much the muscle of interest is working. This measure of resistance can
be used in conjunction with a maximum voluntary exertion (MVE) measurement to
quantify force as a percentage of what the individual is capable of sustaining (David,
2005; Lin, 1999).
A MVE is a measurement taken by the ergonomist of the amount of force a
muscle of interest will exert if contracted as hard as possible for a few seconds. Effort is
quantified through the measuring of electrical resistance via electromyographic methods
involving either surface or probe electrodes inserted over or inside of the muscle of
interest. During the experimental task, effort is compared to the maximum voluntary
exertion. It has been determined that dangerous levels of effort exist at sustained levels of
greater than 15% of MVE (Babski-Reeves, 2007).

Figure 14.
Electromyography system using surface mounted electrodes (used with
permission courtesy of Russ Houston/MSU University Relations).
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Human Eye Physiology
As head-mounted displays are intended for humans to interact with, it is important
to understand how the human brain interprets visual signals. Humans are able to perceive
visible light, that is, light with wavelengths between 400 and 700 nanometers.
Referencing Figure 60, light passes through the transparent first layer of the eye, known
as the cornea. Light then passes through the lens, which is controlled by the ciliary
muscle, which flexes the lens to allow light to focus as it passes through the pupil. The
iris expands and contracts to allow more or less light to focus on its destination, the retina
illustrated in Figure 15. On the surface of the retina, there are many millions of
photoreceptors, which exist as either rods (~90 million) or cones (~5 million) as
illustrated in Figure 16. Rods and cones are specialized in that rods are used for night
vision and cones are used for brighter daylight vision, color and fine visual acuity. At the
point where the optic nerve joins the eye, a blind spot occurs where neither rods nor
cones can exist. Therefore, there is not any actual collection of light, and consequently
vision cannot occur at this point. The human brain perceives vision at this blind spot by
guessing what would be seen at this point by the surrounding visual field (Wolfe, et. al,
2006). Figure 17 illustrates the typical visual range for the human eye. The center of the
chart for each eye is the fovea, and the black mark is the blind spot.
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Figure 15.
The human eye (Wolfe, et. al, 2006, as described in Rosenweig,
Breedlove, & Watson, 2005;used with permission, Sinauer Associates).

Figure 16.
The rod perceives night vision while the cone perceives color, bright light
and fine movement (Wolfe, et. al, 2006, as described in Rodieck, 1998); (used with
permission, Sinauer Associates).
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Figure 17.
The shaded area maps the typical vision range for normal vision. (Wolfe,
et al.; 2006; used with permission, Sinauer Associates).
Humans perceive the environment around them three-dimensionally through
fusional stereopsis, that is, the viewer's mind pieces the slightly disparate images from
each of their eyes into one three-dimensional scene. It is from this scene that distance is
perceived. However, for fusional stereopsis to occur, certain requirements must be met.
For example, both eyes must see very similar scenes from their respective point of view.
Any difference between what is viewed is called binocular disparity. The two views seen
by the eye must also lie within the same plane of orientation for fusional stereopsis to
occur as illustrated in Figure 18 (Peli, 1999; Wolfe, Kluender, Levi et al., 2006).

Figure 18.
Illustration of how perceived fusional stereopsis works as theorized by
Descartes, 1664 (edited from Wolfe, et al., 2006 from Descartes, 1664; used with
permission, Sinauer Associates).
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Head-Mounted Displays
Recent advances in human computer interfaces have yielded the head mounted
display (HMD), which exists as mobile display units attached to the user's head. These
devices allow a very small computer monitor (or pair of monitors) to display information
to the user within their direct or peripheral sight. HMD devices, as illustrated in Figures
2.14-2.18, allow for a ubiquitous reference to the computer interface without having to
move their body. (Ellis, Bréant, Menges, Jacoby, Adelstein, 1997). Common uses for
HMD devices include mobile computing applications, augmented and virtual reality
applications. Within the context of this study, the HMD will serve as an ergonomic
intervention to allow users an alternative interface which may be more comfortable for
them to use.
Types of Head-Mounted Displays
Today, there are four distinct types of HMDs as illustrated in Figures 19-23,
which fall under two categories, opaque and transparent. Within each category, there are
binocular and monocular variations. Monocular displays cover the user's dominant eye,
while a binocular display covers both eyes. These displays act as a visual interface for the
user, displaying output from a computer.
Transparent Displays
Transparent HMDs, illustrated in Figure 19 and 20, allow digital data to be
displayed, while the user can still reference the actual world, via looking through the
clear portion of the lens. This is accomplished by projecting the digital information on a
semitransparent piece of silvered glass, which is angled in a manner appropriate to reflect
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the image into the user's eye(s). This type of display is currently being studied for true
augmented reality applications, where researchers wish to display digital information
about actual objects and the user's environment to the user. Monocular transparent
displays, illustrated in Figure 19, have been shown to be most effective within static
background information gathering tasks (Laramee & Ware, 2001; 2002). Binocular
transparent displays are currently being used for entertainment purposes, and they are
also being studied within augmented reality applications (Swan, et al., 2006).

Figure 19.
Illustrations of transparent monocular displays (Fan, Jacobsen, Ronzani &
Pombo, 1998).
34

Figure 20.
Illustration of a binocular transparent display (Fan, Jacobsen, Ronzani &
Pombo, 1998).
Augmented reality is a method of displaying information to the user about the
surrounding environment by digitally overlaying relevant information with respect to the
observer's point-of-view. A HMD is usually required for this application, and is used to
display the digitally superimposed data over the actual object of interest with respect to
the environment and user orientation. (Broll, et al., 2005).
Opaque Displays
Binocular and monocular opaque (occluded) HMDs, illustrated in Figures 21-23,
exist as displays that do not allow the user to see through the display. Binocular opaque
displays, also called virtual reality or VR hoods, are useful for virtual reality applications,
where the user is fully immersed in a digital environment.
Virtual reality is to "describe something that is 'real in effect although not real in
fact' " (Wilson, 1997 p. 1057). Essentially, virtual reality is the displaying of a threedimensional immersive environment to the participant with respect to their point of view.
Within the context of head mounted displays, the requirement is a display that can render
three-dimensional data by tricking the user into believing that the object he or she is
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viewing is truly three-dimensional (Broll, Lindt, Ohlenburg, et al., 2005). This is
accomplished through shifting the model space image back and forth between both of the
two dimensional displays and the user's eyes very quickly, which simulates the natural
offset between the user's eyes. This creates the effect of binocular disparity, which
facilitates fusional stereopsis allowing the user to perceive three-dimensional objects
(Peli, 1999). Digital environments are useful for displaying simulation data concerning
complex phenomenon that is not easily understood without an immersive threedimensional display, such as visualizing airflow (computational fluid dynamics) around
an object. Virtual reality also has entertainment applications, such as exposing users to
novel environments and experiences otherwise not possible (Broll, et al., 2005).

Figure 21.
An example of an occluded binocular display used for virtual reality
applications (Fan, Jacobsen, Ronzani & Pombo, 1998).
An opaque monocular display, illustrated in Figure 22, exists as a small display
that the user places over one of their eyes. The display is very similar to transparent
monocular displays, however because the display is opaque, background movement is not
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as distracting to the user, according to a study by Laramee and Ware (2001; 2002). An
occluded monocular (MicroOptical SV-3) display was used by Clarke, Du, Nuernberger,
and Pingel (2003), as part of a prototype wearable computing system for cartography
applications as the visual user interface for agents gathering field data. This prototype
system was similar to the mobile computing configuration illustrated in Figure 23. The
display was clipped onto safety glasses in their arrangement because it was found to be
preferable to other types of displays because the users could adjust the display to fit their
individual preferences, which provided a more comfortable user experience (Clarke, Du,
Nuernberger, & Pingel, 2003).

Figure 22.
An example of an occluded monocular display (Fan, Jacobsen, Ronzani,
&Pombo, 1998).
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Figure 23.
A Head-Mounted Display attached to a computer to form a mobile
computing platform. (Fan, Jacobsen, Ronzani & Pombo, 1998).
Problems with Head Mounted Displays
Because the human eye was not designed to interface with closely mounted visual
systems, i.e., head-mounted displays, many visual issues can present themselves. Buecher
(2003) discusses how visual systems should be designed for the physiology of the human
eye. For example, most HMDs are considered heavy (Buecher, 2003; Swan 2007), and
they also exhibit a small field of view, low contrast, poor color quality; and they render
images that are unnatural for normal eyes to view. Peli (1999) notes that poor visual
quality exhibited by these displays leads to many eye problems, such as spasms,
headaches, and/or simulator sickness. Peli also reports that there has been conjecture in
the literature concerning the possible negative effects of complete occlusion of one eye.
However, Peli also reports "…I know of no studies or case reports that illustrate
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detrimental effects of intermittent use of monocular displays on visual function in
children or adults" (Peli, 1999, p 226). Additionally, visual fatigue has been reported as
symptoms of asthenopia, that is general eye fatigue including headaches and blurred
vision (Megaw, 1995). HMDs have their device limitations as well, including slow
refresh rates, a narrow field of view, inadequate resolution, weight and visible pixel
borders (Peli, 1999).
"Since more than 80% of all information is received with our visual system, the
need for an optimal human machine interface is substantial to achieve the best results in
any visual device for mixed and augmented reality" (Buecher, 2003 p). Side effects of
using head-mounted displays fall into several categories: accommodative difficulty (also
called instrument myopia or proximal accommodation), simulator sickness, binocular
rivalry, depth of focus issues, and difficulty resuming normal functions after the HMD
has been removed, also called phoria, (Laramee and Ware, 2002; Peli, 1998; Peli 1999;).
Instrument Myopia
Instrument myopia or proximal accommodation is caused when the user cannot
properly focus on the optical device being viewed. Proximal accommodation is the act of
the user realizing that the display is mounted very closely to their eye, and trying to
employ a very short focus of their eye despite the device being optically set to display at
an appropriate distance. The effects of instrument myopia disappear rapidly when the
device is removed from the user's direct field of view. Nevertheless, instrument myopia
has been known to cause two effects: accommodative spasm and poor visual acuity (Peli,
1999).
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Visual acuity is theorized to be optimized at the point of resting focus, which for
most people is between 1 and 1.5 meters. Therefore, if a person tries to focus on how near
the display physically is, then the image being displayed will be out of focus. Users
should realize that the display is designed to be focused further in their view field. If the
users were to focus on the display, they would likely experience what is called the
Mandelbaum effect (in this case, the visibility of the pixel boundary). The Mandelbaum
effect occurs as the user tries to focus on objects in the foreground of their field of view,
similar to focusing on dirt on the lenses of glasses instead of the visual stimulus behind
the glasses. In the case of HMDs, this effect makes an image similar to looking through a
mesh screen, which negatively affects stereopsis. Because the display is located within
such close proximity to the human eye, pixel size becomes more important, because the
display will look very grainy. Peli (1999) suggests that there might be a correlation
between resolution and occurrence of simulator sickness, which suggests that researchers
and device implementers should utilize as high a resolution device as possible for the
comfort of the users or subjects. Accommodative spasm difficulty results when the user's
brain cannot resolve sensing two different images. Other problems with monocular
displays include user fatigue and weight discomfort (Buecher, 2003).
Two things generally cause user fatigue, accommodation issues and improper
adjustment of the device. If the operator is not accustomed to using the monocular
display for prolonged periods of time, he might experience a headache, or pain in muscles
he is not accustomed to using. This soreness is caused by the additional amount of weight
placed on one side of the user's head. The other factor that can cause user fatigue is an
incorrect focal length setting of the display. The focal length determines the distance the
40

image is displayed to the user by the monocular display with respect to the user's eye. If
the image is set very near, and the user is looking at an object that is far away, the user
must constantly shift focus to see the environment and the data that is being displayed
(Laramee & Ware, 2001; 2002; Peli, 1999).
The occurrence of instrument myopia can be reduced by increasing the visual
depth of focus of the display. That is, the HMD device should be adjusted to an
appropriate depth of focus for novice users, so that they are comfortable. Not doing so
could create a condition similar to the users wearing inappropriate prescription glasses,
where the user is constantly working to adjust their vision to see objects clearly. In
augmented reality applications users should be able to see the actual world around them,
which provides the visual cues to reference the actual world appropriately. Correlating
the actual environment to the digitally displayed information can help with the symptoms
of instrument myopia, providing a realistic experience (Peli, 1999).
Simulator Sickness
Simulator sickness is caused when the user's mind cannot resolve differences
between what the user sees and what the user feels. This occurs because the
parasympathetic division of the user's brain becomes activated by confounding signals
which disorient the user. This disorientation leads to symptoms including nausea,
dizziness, headache, and ataxia (the inability to balance). Display flicker has also been
found to contribute to simulator sickness (Peli, 1999).
Simulator sickness issues are somewhat individual (possibly correlated to motion
sickness), but in most cases they can be resolved by using a monocular display versus a
binocular display. A monocular display works, because only a portion of the scene is
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occluded in one eye. This allows the user to look away if the need arises in order to
resolve the difference between the dynamic digital environment and the static actual
environment. (Peli 1990).
Binocular Rivalry
Binocular rivalry is a phenomenon caused when one eye views one object, or
environment, and the other eye views a different object or environment. The normal
binocular disparity is not present, and the user's brain does not know which image is
dominant. Binocular rivalry is really only applicable to users wearing a monocular
display, as the image is only present in one of the user's eyes. When one experiences
binocular rivalry, they might feel discomfort in the form of dizziness, headache or nausea
(Laramee & Ware, 2001). Some of the main causes of binocular rivalry include device
shortcomings such as "…brightness, contrast, content, and motion of the displayed
images and the ambient scene…" (Peli, 1999, p. 237) as well as physiological issues
which include "eye dominance, inequality of visual acuity of the two eyes, and the state
of binocular function" (Peli, 1999, p. 237).
Studies have been conducted to discover the best ways overcome binocular
rivalry, with results ranging from using a transparent binocular display, and displaying
equivalent information in both eyes (Ellis, et al., 1997), to repositioning the monocular
display to the bifocular region of the users eye; that is utilizing the lower hemisphere of
the eye to reference the display (Peli, 1998; Peli 1999).
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Depth of focus
For a HMD to function correctly for augmented reality applications, the images
displayed should appear to be some distance away from the user; usually one or two
meters (Laramee & Ware, 2002). The focal length for the displayed information should
be set to be the same as the distance of the actual environment. If the focal lengths are
different, either the real environment or the displayed information will be blurred (Peli,
1999). Laramee & Ware noted that this blurring can in some situations be used to the
advantage of the display. For example, visual interference can be minimized by using a
differing focal length, because users can consciously switch between information
displayed and the real world environment (2002).
Phoria
"Simply put, phoria is the direction of gaze of the eye when there is nothing at
which to look," (Laramee & Ware, 2002). Phoria exists as problems with the human eye
trying to return to normal after a device such as a HMD has been removed. Several
researchers (Laramee & Ware, 2002; Peli 1990) have noted that the use of HMDs has
resulted in a measurable change in phoria, however researchers also reported that the
phoria disappeared on its own; within five to forty minutes. Phoria is considered to be
resolved once the user's vision dynamics return to normal (Laramee & Ware, 2002; Peli
1990).
Resolving Problems with Head-Mounted Displays
Despite the physiological issues related to using HMDs, there are methods of
minimizing or eliminating these effects. With monocular displays, user eye dominance is
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always a concern. The display must always be placed over the user's dominant eye, to
allow the user to properly accommodate the information displayed (Laramee & Ware,
2002; Peli, 1999). While transparent binocular displays can potentially solve the problem
of binocular rivalry, they also introduce other problems. For instance, the user will be
more prone to neck discomfort, due to the additional weight associated with the binocular
display over the monocular display (Swan 2007).
While it has been noted by Peli (1990) that almost all of these issues can be
resolved by moving the monocular/binocular display to the bifocular region of the eye,
illustrated in Figure 24, he does not report on the visual dynamics of the lower portion of
the peripheral vision. The number of rods is substantially reduced in comparison to the
fovea region of the eye (Buecher 2003), while the density of cones has increased
dramatically. This increase in the number of cones allows the peripheral area of the eye to
be more sensitive to flicker and motion than the fovea of the eye.
One problem with locating the display in the bifocular region, is the lack of cones
to perceive color. Light is focused by the eye to the center of the fovea, The imaginary
line through which light passes through the lens of the eye and is focused on the fovea is
called the line of sight. At the fovea, more than 160,000 cones per mm2 are present.
Measured angularly, using the lens as the point of angular measure, at 10 degrees around
the fovea on the retna the number of cones has dropped to less than 10,000 cones per
mm2. However, the rod distribution has its peak between 18 and 22 degrees. This means,
that in the bifocular region of the eye, the user experiences diminished color recognition
but near-optimal movement recognition when looking forward. Locating the monocular
display to this region does not allow for fusional stereopsis, and so locating to this
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peripheral region of the eye is not applicable for augmented or virtual reality applications
where three-dimensional viewing of objects is needed.

Figure 24.
Typical field of vision range occluded by a monocular display (Modified
from Wolfe, et al., 2006; used with permission, Sinauer Associates).
HMDs to provide users an alternative user interface have been used in several
studies (Clarke, Du, Nuernberger, & Pingel, 2003; Laramee & Ware; 2002; Peli 1997).
While several physiological issues have been identified, solutions for these issues have
also been suggested. Many of the solutions revolve around the display being adjustable
by the user to be comfortable to allow for appropriate use of the display. For nonaugmented reality tasks, that is fusional stereopsis is not a consideration, displays can be
placed over the lower hemisphere, in the bifocular region of the users eye. By placing the
display in this region, users have the ability to reference the display without a persistent
image being forced upon their visual field providing a comfortable user experience.
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METHODOLOGY

Introduction
The task of utilizing an articulated arm based laser digitizer to capture threedimensional geometry for computational analysis potentially requires the user to exhibit
uncomfortable postures for extended periods of time. The user must continuously
reference a workstation, usually a laptop, while they are performing the digitizing task
which exacerbates the already poor ergonomics of the digitizing task. Additionally, the
device requires repetitive motions, which may further exacerbate user discomfort.
Literature suggests that the utilization of a HMD within physically and visually dynamic
work environments may improve the user experience in settings where user mobility is
required (Clarke, Du, Nuernberger, & Pingel 2003; Laramee &Ware, 2002). The IRB
approval for this study can be found in Appendix A.
Selection of the Head Mounted Display
There are four different types of HMDs, and each type was evaluated for
inclusion in this study. The virtual reality (VR) hood (occluded binocular head-mounted
display as illustrated in Figure 21) is not applicable for this application, because of the
difficulty involved with monitoring the actual world through the display, and was
therefore disqualified. A study was conducted (Ellis, et al., 1997) using transparent
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binocular displays in which users reported more aches than with using a monocular
display. This study disqualifies the binocular transparent HMD. Additionally Swan
(2007) disqualified the transparent binocular display available at Mississippi State
University because of weight/user discomfort issues. A transparent monocular display
was available, but it was ineligible for several reasons: First, the display is fixed on the
user's head, making it impossible to use in the bifocular position. This potentially
aggravates several physiological issues, such as binocular rivalry, simulator sickness and
instrument myopia which could increase user discomfort. Secondly, the display is not in
color, which could make the use of the Faro arm more difficult to use because a color
interface was designed for use with the arm. Additionally, it is much heavier than the
monocular occluded display that is available. These factors, combined with the support of
Laramee & Ware (2001), disqualify the transparent monocular display. "Our results
confirm our prediction that a transparent HMD would suffer from significant usability
problems when viewed against anything other than a uniform background. This places
severe restrictions on the use of such displays," (Laramee & Ware, 2001, p.2). In a
separate study, Laramee & Ware (2002) echoed this comment by concluding that
monocular transparent displays were unsuited for use in visually dynamic environments.
That is, environments in which the user must or should pay attention to something other
than the display.
Independent Variable
As real-world users of the proposed system would exist in a dynamic (potentially
dangerous) manufacturing environment, the author has decided to use a MicroOptical (33
Southwest Park, Westwood, MA 02090) brand SV-6 occluded monocular display as the
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independent variable treatment. This decision is supported by a study (using an opaque
monocular display, MicroOptical SV-3) by Clarke, Du, Nuernberger, and Pingel (2003),
who used the HMD as part of a prototype for a wearable computing system for
cartography applications. The occluded monocular display was used as the visual user
interface. The display was clipped onto safety glasses in their configuration because it
was found to be preferable over the other head mounted displays that were evaluated for
their study (Clarke, Du, Nuernberger, & Pingel, 2003).
Research Questions
This study is an investigation of the feasibility of an ergonomic intervention to a
Faro arm laser digitizer via an occluded monocular display. To validate the hypothesis
several research questions are investigated:
1. Does the monocular augmentation improve the existing ergonomic conditions
of the Faro Arm?
2. Do users prefer to use the monocular augmentation or the traditional
workstation with the Faro arm laser digitizer?
3. Does using a monocular display in conjunction with the Faro arm laser digitizer
allow the user to digitize more efficiently?
Experimental Design
This study is a 2X2 within subjects experimental design as illustrated in Figure
25. Subjects were recruited from the general student population of Mississippi State
University via posters advertising the experiment placed in high traffic areas around the
campus. The sample consisted of 20 male and 2 female subjects, and they were
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systematically divided into two groups (L and M), with 11 subjects each. This sample
represents a subset of the population of users, which is approximately 95% male (Marino,
2007). Each of the participants performed the same task twice using both the laptop
workstation and the monocular display. The L group received the traditional laptop
condition first followed by the M HMD condition. The M group received the HMD
condition first followed by the L laptop condition. This experimental design was
implemented to offset the inexperience of the novice user and to allow the investigator to
measure experience based performance gains between the first and second trials to
modify statistical analysis accordingly. Subjects were not assigned a unique identifier
until they arrived for the appointment, which allowed the researcher to alternate between
the L and the M condition.

Figure 25.

This study will exist as a 2X2 within subjects experimental design.

Power Analysis
To determine the required number of subjects, a power analysis for a one sample
T-test was calculated. The effect was expected to be above average, and therefore a
Cohens effect of d = 0.8 (large effect) was selected, and a sample of n = 22, (11 in each
group) was selected. It was predicted that at an effect of 0.8, 22 subjects systematically
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divided into two groups with one female subject each would be of sufficient power to
report with 95% confidence (.05 α).
Experimental Assumptions
This research is limited to students recruited from the student body at Mississippi
State University. Furthermore, the students who participated in this study were volunteer
novice users. The study is further limited by the brief exposure the subjects received to
the equipment (less than one hour). Additionally, subjects experienced brief exposure to
the monocular display. Therefore, prolonged effects of using the device for task are not
generalizable from this study. Metrologists using the Faro arm laser digitizing system
would typically receive comprehensive training using the machine and software as well
as the general methodology behind proper laser metrology. Female subjects were not
studied in depth within this study because of the traditionally male-dominated nature of
the digitizing task (Marino, 2007).
Investigation of the Research Questions and Dependent Variables
Several tools were utilized to investigate the research questions, including two
surveys, and a general subject demographics questionnaire. Observational analysis
including the RULA and REBA ergonomic analysis were employed, as well as recording
the number of bumps which occurred. A surface-mounted electrogoniometer and a
surface mounted electorsiometer were utilized to directly measure neck joint dynamics.
Experimental session data were recorded including the data collected (scanned) by the
human subjects.
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Does the monocular augmentation improve the existing ergonomic conditions
of the Faro Arm? Before an ergonomic intervention takes place, the existing ergonomic
dynamics of the setup should be evaluated to determine if an intervention is required. For
this study, the existing ergonomic conditions were evaluated via RULA and REBA
paper-based ergonomic evaluations based upon a static posture determined from videos
of the subjects performing the digitizing task. Neck dynamics were directly measured
using a coupled goniometer and torsiometer. Several survey items were added to two
separate surveys to measure the perceptions of the subjects as they completed the tasks.
Observational Methods. RULA and REBA paper-based ergonomic assessments
were completed to assess ergonomic differences between the two conditions. These
assessments were completed after the experiment from video which was recorded of the
subjects performing the trials from four vantage points; overhead, front, right side and
isometrically from the upper left corner of the workspace. The trial was distilled into one
typical posture and scored using the paper based RULA and REBA assessments. The
result of these analyses is an overall task risk score which provides a recommendation
towards the urgency of an ergonomic intervention.
Self-Reporting Methods. Two surveys (utilizing a nine point Likert scale) were
administered during the experiment. The subjects were requested to respond on a scale of
"Very Strongly Disagree" to "Very Strongly Agree" with a neutral option. The tense of
both the statements and the responses was switched frequently through the survey. For
example, a statement may say "I have no pain between my shoulder blades.", or it could
have said "I have pain between my shoulder blades". The responses were also switched
frequently going either from "Very Strongly Agree" to "Very Strongly Disagree" or
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"Very Strongly Disagree" to "Very Strongly Agree". This was to encourage the subjects
(all of whom had some level of college education) to read and understand both the
question and the response instead of responding based upon convenience. The responses
were assigned a number 1-9 representing the response of the user for analysis. Subject
responses were stratified between tense changes for the same statement between survey 1
and survey 2 for analysis purposes where this was applicable. Of the survey statements,
five were directly related to the ergonomics of using the Faro arm laser digitizer.
Generally, these statements listed in Table 1, inquired about subject perceptions of
discomfort across areas of interest during the tasks.
Table 1
Survey 1: Subject Comfort Statements
Survey 1: Subject Comfort Statements
I have no pain between my shoulder blades.
My lower back hurts.
My left shoulder does not hurt.
My right shoulder does not hurt.
My abdominal (stomach) muscles do not hurt.

Five statements, listed in Table 2, were included inquiring about the visual
dynamics of completing the task. These questions were developed to investigate some of
the common side-effects of using HMDs. For example, positive responses to the
statements "My eyes hurt", "My eyes are not strained" or "My eyes are having trouble
focusing" may be indicative of improperly adjusted displays or of some physiological
issue that may make wearing a HMD difficult. Users were also allowed to add additional
comments at their discretion, which will be discussed further in Chapter IV of this study.
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Table 2
Survey 1: Visual Comfort Statements
Survey 1: Visual Comfort Statements

My eyes hurt.
My eyes are not strained.
My eyes are having trouble focusing.
I can see clearly.
My head hurts.

Direct Methods. Electrogoniometry was used to measure the actual neck angles
across the turn, nod and pitch conditions of the task. A turn is defined as the users
pivoting their head as though they are indicating "no" in a horizontal motion. A nod is
defined as the user pivoting their head as though indicating "yes" in a vertical motion.
Pitch is defined as the user pivoting their head as though they were looking forward and
attempting to touch their ear to their shoulder.
An electrogoniometer and an electrotorsiometer were paired to measure these
neck angles. The upper portion of the device was attached to the headband which was
removed from a standard hard-hat to allow the investigator an adjustable, comfortable
and repeatable positioning of the device. The lower portion of the device was taped to the
back of the user's neck using medical grade tape. The electrogoniometry leads were then
attached to a transmitter that was worn by the subject upon a belt that was supplied by the
investigator.
The researcher also grouped and sorted goniometrical measurements measured
across all of the subjects with respect to the trial type and compared the angular
measurements as two data sets; monocular and laptop. This was done to generalize the
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neck angles across all of the subjects disregarding the order of the treatment. This data is
helpful to generalize the magnitude of neck angles experienced by the subjects during the
experimental trials.
The electrogoniometers output the angular measurements of the subject's neck
angles directly measured during the trial. The researcher is unaware of any studies which
quantify levels of dangerous neck angles in terms of frequency or magnitude. For
purposes of this study, neutral neck angels are defined as those being between 10 and -10
degrees for the duration of the task. Dynamic angles are defined as being greater than 10
degrees but less than 25 degrees, or between the values of -10 and -25 degrees.
Aggressive angles are defined as being measured between 25 and 40 degrees or between 25 and -40 degrees. Extreme angles are defined as those greater than 40 or less than -40
degrees.
Do users prefer to use the monocular augmentation or the traditional
workstation with the Faro arm laser digitizer? The investigator was interested in
discovering if the users prefer to use the laptop or the monocular display with the Faro
arm laser digitizer. This was accomplished via two surveys, created by the researcher,
which contained targeted questions concerning the perceptions of the device. Users were
also allowed to add additional comments concerning any aspect of the experiment at their
discretion, which will be addressed in Chapter IV of this study.
Self-Reporting Methods. Seven survey statements were included in the second
survey to measure user perceptions of the Faro arm and the two user interfaces. The aim
of these questions was to gain further insight into the physiological perceptions of the
subjects after working with the Faro arm laser digitizer during the experiment within the
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context of using the device for prolonged periods of time, such as in a factory setting.
Specifically, these statements are listed in Table 3.
Table 3
Survey 2 Digitizer and Display Usability Statements
Survey 2: Digitizer and Display Usability Statements
I could use the laptop with the digitizer for eight hours a day.
The Faro arm is not difficult to use.
I could not use the laptop with the digitizer for four hours a day.
I prefer to use the laptop with the laser digitizer.
I could not use the monocular display with the digitizer for four hours a
day.
I prefer to use the monocular display with the laser digitizer.
I could use the monocular display with the digitizer for eight hours a
day.
Does using a monocular display in conjunction with the Faro arm laser
digitizer allow the user to digitize more efficiently? One consideration concerning the
augmentation of the Faro laser digitizer was efficiency. If one assumes that the device
being used to perform the task (The Faro arm laser digitizer) exhibits poor ergonomic
qualities, one can conclude that decreasing exposure to the device can also decrease the
risk of ergonomic issues. Therefore, increasing the efficiency of the user decreases the
exposure of the subject to the device improving the ergonomics of the device. Some
users may be indifferent to which interface is used, and therefore should utilize the
interface which decreases ergonomic risk and also limits exposure to devices which
exhibit poor ergonomic conditions. To quantify efficiency the researcher looked at
several criteria within the actual scan data collected by the subjects. Additionally, two
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survey questions were administered to investigate user perceptions concerning data
collection between the monocular and laptop interfaces.
Self-Reporting Methods. The researcher included two perception statements into
the second survey that was administered to the subjects after the experiment. The
perception of the users is interesting because if individuals are indifferent towards the
laptop vs. monocular condition, they should want to use the interface which they perceive
they can use most efficiently. Users were also allowed to add additional comments
concerning any aspect of the experiment at their discretion. The two statements included
in the second survey are listed in Table 4.
Table 4
Survey 2: Digitizer and Display Productivity Statements
Survey 2: Digitizer and Display Productivity Statements
I captured more data using the laptop.
I did not capture more data with the monocular display.

Directly Measured Methods. The measured data that were analyzed includes the
amount of data collected while performing the digitizing tasks, which falls into several
categories; raw data size, number of scan sessions, number of holes and the number of
triangles created. A larger data size indicates that the individual was able to collect more
raw data, which directly correlates with the number of points collected. A point is the
actual three-dimensional point that was created by the Faro arm as scan data representing
the surface data of the specimen. The number of scan sessions tells the investigator how
many times the subject stopped and started the scanning process. The number of triangles
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is a way to quantify surface data. A triangle is created when three points are placed close
enough together to digitally recreate a triangular plane which represents the surface of the
object. The occurrence of holes within the recreated surfaces was also accounted for. A
hole is created when there is enough missing data for the Geomagic software to not be
able to reconstruct the scan data into surface data automatically. The presence of holes
requires the operator to post-process the data after the scan to digitally heal the model.
This not only takes time but can also generate surface deviation due to the fact that the
surfaces were not actually captured, but were reconstructed based on the surrounding
geometry. Therefore the presence of fewer holes is an indicator of a better quality scan.
Observational Methods. Bump occurrence was recorded by the researcher who
administered the experiment and compared between the laptop and monocular conditions.
Bumps for this experiment are defined as either the equipment or the operator touching
the specimen, the stand for the specimen or the tripod which supports the Faro arm laser
digitizer. Bumps were also recorded for hard stops of the Faro arm, that is, returning the
laser digitizer to its resting position violently either intentionally or unintentionally.
Subjects were trained on how to avoid this and verbally requested to avoid it if possible.
If the Faro arm operator were to bump either the equipment or the specimen while
digitizing, the digitization process would normally be restarted. For purposes of this
experiment, subjects were allowed to continue digitizing. There was not a penalty for the
subjects of any kind if a bump occurred during the digitizing process.
Bump occurrence is perhaps the most important indicator of efficiency because
many of the other criteria can be overcome via post-processing. Bumps lead to a shift
along the theoretical origin of either the laser digitizer, or the specimen being scanned.
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This shift translates into an actual shift of the digitized surface data which distorts the
scan leading to inaccuracies. A bump is defined as either a knock of the specimen or the
laser scanner, or a hard stop of the laser digitizer itself. A hard stop occurs when the laser
digitizer is returned to its start position roughly which vibrates the machine.
Experimental Procedure
Two specimens were selected to be used for the experiment, one for training
purposes and one for experimental purposes. Each of the subjects used the training
specimen for training with both the traditional and the experimental condition. Each
subject used the experimental specimen during the experimental sessions. The training
specimen was a white construction hard hat and the experimental specimen was a yellow
teapot. These specimens both were medium sized specimens which also exhibited
continuously curving geometry. The color of the specimens were very light and the
reflectivity of the materials was roughly equivalent. The Faro arm laser digitizer was precalibrated to digitize these surfaces to make it as easy as possible for novice users.
A pedestal was used to support the specimen during the digitizing task. The
pedestal that was used during this study was a typical four-legged bar stool. The laptop
workstation was placed on a rolling tool cart which was then placed on the non-dominant
side of the subject which is typical for individuals performing digitizing tasks. The Faro
laser digitizer was setup on the dominant side of the subject with good reach within
proximity of the specimen for digitization. The positions of the pedestal, digitizer and
cart were marked on the floor with tape to ensure repeatability of the placement of these
items with proximity to each other. A black piece of cloth was used to cover the laptop
during the monocular task to discourage subjects from referring to the laptop out of habit.
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The experimental procedure for this study was approved by the Mississippi State
University Institutional Review Board (IRB) in September of 2006, and was assigned a
tracking number of 06-240. The IRB letter of approval for this study is included as
Appendix A.
Pre-experiment
Subjects were briefed about the experiment and an informed consent form was
reviewed with them. Questions concerning the experiment or procedures were answered,
and subjects signed the informed consent form per standard IRB protocol. Subjects then
completed a demographic form, the researcher ensured that there were not any injuries
reported that might be irritated by the experiment, and proceeded to determine the user's
dominant eye. It is important to position the display over the subject's dominant eye to
make the display as comfortable as possible to use. The user's dominant eye is
determined by having the subject view a distant object through a small hole made with
their hands with both of their eyes open. The object should be large enough to almost
completely fill the hole in the subject's hand from the perspective of the subject when
viewed with both eyes open, but should be at least several meters away to allow for
ocular shifting. The subject then closes one of their eyes and observes if the object
appears to shift away from the opening in their hands. If done correctly, the subject
should notice that the object will shift out of view (being occluded by their hand) when
they close one of their eyes; this is the non-dominant eye. When the object is viewed
through the dominant eye, the object will not shift out of view, and will appear to be
almost exactly as if the subject is viewing the object with both of their eyes open. This is
the subject's dominant eye, or the eye that subject's brain uses to form the dominant
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perception of visual objects. It is this eye that the monocular display should be used with
for the comfort of the user (Peli, 1999).
Training
After completing IRB consent and demographics forms, subjects were instructed
on how to use the Faro arm laser digitizer. Subjects were trained using both the laptop
and the monocular display. Training was administered in the order from which the
subjects would receive the treatments as designated by their assigned subject numbers.
Subjects identified with L used the laptop first, followed by the monocular display.
Subjects with M designation used the monocular display to complete the first trial.
The training specimen chosen to be used by the subjects was a white construction
hard-hat. This specimen was chosen because of the relative ease of digitization by novice
users, while still exhibiting complex curves and a homogenous color. The hard hat was
digitized twice by the subjects, who were not limited in the amount of time spent training.
Subjects received individual advice from the researcher concerning digitizing technique
and were allowed to rest between training exercises. The concept of bumping was
discussed with the participants, and was also demonstrated.
After training was complete, subjects were allowed to rest. The workstation was
reset and the trial specimen was brought out. At this time, the electrogoniometer,
electrotorsiometer and datalogger for this equipment were attached to the subject. The
electrogoniometer and electrotorsiometer are triangular in shape, and were attached to
each other across the hypotenuse of the sensors as illustrated in Figure 26. The sensors
were then attached to the back of an adjustable headband. The headband was sized to fit
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the subject, and was placed on the subject's head. The lower portion of the sensors was
taped over the axis of the subject's back.

Figure 26.
The electrogoniometer and electrotorsiometer were coupled to allow the
researcher to capture turn, nod and pitch.
Trial 1
The electrogoniometry equipment was recalibrated, and the subject was instructed
to proceed with the first trial. The task was to digitize a yellow teapot, which was chosen
to be a specimen because of the homogenous color and continuous curvature. Subjects
utilized the traditional or alternative interface relative to their L or M designation, and
worked for 7 minutes to complete the digitizing task. This time limit was determined as it
is an insufficient amount of time to adequately digitize the part. The incomplete scan data
was used to quantify completeness and data quality between the experimental conditions
to allow the researcher to study scan efficiency between the experimental conditions. The
researcher instructed the participants to digitize as much of the teapot as they could
within the time period, while being cognizant of bumping.
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At the conclusion of the first trial, the subject was instructed to rest while
completing the first survey (Table 5). Concurrently, the workstation was prepared for the
second trial, and data from the first trial were saved. The user interface was prepared for
the next trial, and the subject was instructed to let the researcher know when they were
ready to begin.
Table 5
Survey 1: Statements
Survey 1: Statements
My eyes hurt.
My eyes are not strained.
My eyes are having trouble focusing.
I can see clearly.
My head hurts.
I have no pain between my shoulder blades.
My lower back hurts.
My left shoulder does not hurt.
My right shoulder does not hurt.
My abdominal (stomach) muscles do not hurt.
Trial 2
Subjects were instructed to digitize the tea pot a second time, using the opposite
interface of the first trial (L designated subjects would now use the monocular display
treatment, and M designated subjects would now use the traditional laptop). The
goniometry equipment was recalibrated and the subject was instructed to begin the trial.
After 7 minutes, the subject was stopped, and the electrogoniometry equipment was
removed. The subject was instructed to complete the second survey (Table 6). After the
second survey was complete, the subject was debriefed and compensated.
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Table 6
Survey 2: Statements
Survey 2: Statements
My eyes hurt.
My eyes are not strained.
I could use the laptop with the digitizer for eight hours a day.
My eyes are having trouble focusing.
I can see clearly.
The FARO arm is not difficult to use.
I could not use the laptop with the digitizer for four hours a day.
My head hurts.
I have no pain between my shoulder blades.
My lower back hurts.
I prefer to use the laptop with the laser digitizer.
I captured more data using the laptop.
My left shoulder does not hurt.
I could not use the monocular display with the digitizer for four hours a day.
My right shoulder does not hurt.
I prefer to use the monocular display with the laser digitizer.
I could use the monocular display with the digitizer for eight hours a day.
I did not capture more data with the monocular display.
My abdominal (stomach) muscles do not hurt.
I did not capture more data with the monocular display.
Summary
This study aims to investigate the physiological effects of monocular display
augmented laser digitizing, utilizing an occluded monocular display as an alternative user
interface for a Faro brand articulated arm laser digitizer. The experiment exists as a 2X2
within subjects experimental design, utilizing 22 subjects. The subjects completed the
same digitizing tasks utilizing both the traditional laptop, and the monocular display
treatment. Observational, directly measured and self-reported methods of quantifying
aspects of the user experience were incorporated into the study to investigate differences
63

between the monocular treatment and the traditional interface in accordance with
approved IRB protocol included in Appendix A.

64

RESULTS

Introduction
Investigating the physiological effects of an occluded monocular display laser
digitizing required the investigation of multiple dependent variables. The experimental
design was balanced to include each of the subjects utilizing both the experimental
occluded monocular display interface and the traditional laptop interface while
performing identical tasks. Subject demographics are presented first, followed by general
data collected and significant findings that were discovered within the context of the
three research questions defined to investigate the central hypothesis: The augmentation
of a traditional Faro arm digitizer with an occluded monocular display enhances the user
experience of digitizing objects. Specifically, the research questions that were
investigated are:
1. Does the monocular augmentation improve the existing ergonomic conditions
of the Faro arm?
2. Do users prefer to use the monocular augmentation or the traditional
workstation with the Faro arm laser digitizer?
3. Does using a monocular display in conjunction with the Faro arm laser digitizer
allow the user to digitize more efficiently?
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Subject Demographics
Participants recruited from the general student population at Mississippi State
University included a sample of 20 males and 2 female participants. This gender
distribution represents the population of Faro arm users according to a subject matter
expert (Marino, 2007). The subjects were systematically divided into two groups, the L
group and the M group as the subjects arrived to participate in the study. The L group
received the traditional laptop condition as the interface for the first trial, while the M
group received the occluded monocular display as the interface for the first treatment.
Both groups completed a monocular trial and a laptop trial. The researcher alternated
administering L and M trials for the duration of the experiment. Table 7 provides
descriptive statistics of the ages of the subjects between the L and M groups as well as
both groups combined.
Table 7
Descriptive Statistics of the ages of subjects, the L group and the M group
Subjects Age (years)
L Group Age (years)
M Group Age (years)
Mean
22.59
Mean
22.64
Mean
22.55
Standard Error
0.52
Standard Error
0.90
Standard Error
0.59
Median
22
Median
22
Median
22
Mode
22
Mode
20
Mode
22
Standard Deviation 2.46 Standard Deviation 2.98 Standard Deviation 1.97
Sample Variance
6.06
Sample Variance
8.85
Sample Variance
3.87
Range
9
Range
9
Range
8
Minimum
19
Minimum
19
Minimum
19
Maximum
28
Maximum
28
Maximum
27
Sum
497
Sum
249
Sum
248
Count
22
Count
11
Count
11
Largest (1)
28
Largest (1)
28
Largest (1)
27
Smallest (1)
19
Smallest (1)
19
Smallest (1)
19
Confidence Level
Confidence Level
Confidence Level
1.09
2.00
1.32
(95.0%)
(95.0%)
(95.0%)
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The Mean age of the subjects was 22.59 years, (L group, M = 22.64 years, M
group, M = 22.55 years) while the Median age was 22 years for both the L and M groups.
The standard deviation of the subjects age was 2.46 years (L group SD = 2.98 years, M
group SD = 1.97 years) and the range was between 19 years and 28 years of age.
Subject weight ranged from 52.16 kg to 102.05 kg, with a mean of 74.10 kg (SD
= 11.95). The L group weight mean was 75.13 kg (SD = 11.41 kg), and a range of 52.16
kg to 88.45 kg. The M group existed with a mean of 73.07 kg (SD = 12.93 kg), with a
range of 55.79 kg to 102.06 kg.
Subject height ranged from 157.48 cm to 190.50 cm, with a mean of 175.68 cm
(SD = 7.76). The L group height mean was 177.13 cm (SD = 8.07 cm), and a range of
158.75 cm to 190.50 cm. The M group exhibited a mean of 174.20 cm (SD = 7.53 cm),
with a range of 157.50 cm to 185.40 cm.
Effects of Subject Experience on Dependent Variables
Experimental differences within the laptop conditions between the L group and
the M group were investigated concerning the subject's ability to capture data and the
quality of the data. The objective of the design of the experimental trials was to discover
if there was a significant effect of experience between the L and M groups. Referencing
Figure 25, this experiment is a 2X2 within subjects experimental design, which allowed
the researcher to measure the effect of experience between the groups. Given the
dependent variables of number of bumps, number of scan sessions, number of triangles,
number of holes and file size, (see tables 8 and 9) there were not any differences of
statistical significance. The absence of statistical significance when comparing these
variables between the groups suggests that experience using the Faro arm brand laser
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digitizer was not a significant contributing factor within the experimental condition nor
within the traditional condition. Readers should note that the researcher was unable to
gather task data from one M group subject due to an equipment failure; however the
experimental trial using the laptop was completed as were the other components of the
experiment.
Table 8
Analysis of five dependent variables (between O1 and O4) using a two sample t-Test
assuming equal variances at .05 α
O1trad vs. O4trad
Bumps
Scan Sessions
Triangles
Holes
File Sizes

Degrees of
Freedom
20
20
20
20
20

t Stat
0
0.997
-0.914
-0.659
-0.433

P(T<=t)
two-tail
1
0.331
0.372
0.518
0.670

t Critical
two-tail
2.086
2.086
2.086
2.086
2.086

Table 9
Analysis of five dependent variables (between O2 and O3) using a using a two sample tTest assuming equal variances at .05 α
O2mono vs. O3mono

Degrees of
Freedom

t Stat

P(T<=t)
two-tail

t Critical
two-tail

Bumps
Scan Sessions
Triangles
Holes
File Sizes

19
19
19
19
19

-1.755
-1.332
-1.256
-1.066
0.289

0.095
0.198
0.224
0.300
0.776

2.093
2.093
2.093
2.093
2.093
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Analysis of Collected Data With Regard to Research Questions
The lack of statistical significance within the groups of monocular and the
traditional task suggest that experience was not a significant contributing factor to this
experiment. For the remainder of this chapter, the analysis will compare the experimental
trials holistically, as two groups; the Monocular (trials utilizing the monocular display)
and the Laptop or Traditional group (trials using the laptop as the primary interface).
Does the monocular augmentation improve the existing ergonomic conditions of the
Faro Arm?
Typically, the Faro arm laser digitizer requires the user to frequently reference a
real-time readout presented on the screen of a workstation or laptop during the
digitization process. Additionally, the device requires the operator to assume potentially
ergonomically awkward positions to fully capture an object for analysis. RULA and
REBA paper based ergonomic assessments, electrogonimoetry (neck) and ten survey
questions were gathered to evaluate the exiting ergonomic conditions of the Faro arm
laser digitizer while being used by experimental subjects using both the traditional laptop
and the monocular occluded display.
REBA. A REBA ergonomic risk assessment (Hignett & McAtamney, 2000) was
performed across both experimental tasks. The results of this analysis yielded a score of
11 (Very high/Action necessary now) for the traditional laptop trials, with a score of 8
(High/Action necessary soon) for the monocular display trials. The major difference
between the tasks was the amount of twisting and side bending required in the trunk
region for the laptop trials. Neck dynamics also contributed to the higher score for the
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laptop users because "neck twisting" (defined as "turn" in this study) and "neck pitch"
(also defined as "pitch" within this study).
RULA. A Rapid Upper Limb Assessment (McAtamney & Corlett, 1993) was
completed to analyze the subject's posture during each of the experimental trials. The
results of both analysis (illustrated as Figures 27 and 28) was a task score of 7,
(Investigate and change immediately) for the digitizing task. By utilizing the monocular
display, the neck and trunk adjustments were eliminated scoring the monocular treatment
closer to neutral postures.

Figure 27.

RULA Analysis for Laptop Treatment.
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Figure 28.

RULA Analysis for Monocular Treatment.

Goniometry. An electrogoniometer and an electrotorsiometer were paired (as
illustrated in Figure 26) and attached to the subjects via medical tape to quantify neck
movements (repetitions) for turn, nod and pitch. For this study the output was quantified
as repetitions as counted by the software Biometrics Analysis Software V7.5 by
Biometrics Ltd. (Units 25-26 Nine Mile Point Ind. Est. Cwmfelinfach, Gwent, United
Kingdom). The software was setup to count a repetition when the measured values
graphed as a logarithm peaked and changed direction twice in succession. The default
configuration for this device was used to determine appropriate turns. Turn, nod and
pitch occurrence was quantified and is illustrated in Figure 29,30 and 31. Repetition
occurrence measured for the turn condition, illustrated in Figure 29, were measured to be
significant (T = 5.07, t = 2.02) between the laptop condition (N = 22, M = 31.32, SD =
20.52) and the monocular condition (N = 19, M = 6.47, SD = 6.21). Also significant (T =
3.72, t = 2.02), was the sum of all goniometrical repetitions between the laptop (N=22, M
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= 48.68, SD = 34.82) and monocular (N = 19, M = 16.21, SD = 16.49). Reducing the
number of neck repetitions generally improves the ergonomic conditions of the tasks by
offering the subject a more neutral position. However, the researcher is not aware of any
formal studies which focus on the quantification of neck turn dynamics as it relates to
general ergonomic guidelines.
Magnitude of Goniometrical Measurements for Monocular Trials. For
purposes of this experiment, a turn represents the twisting of the subjects head in a
motion similar to an individual shaking their head to indicate "no" in American cultures.
That is, horizontally in a side to side motion. The turn measurements for the monocular
trials for the subjects (N=423448; M = -0.049; SD=0.58) consisted of a range of angles
measured between 3.87 degrees and -3.42 degrees illustrating a neutral (between 10 and 10 degrees) position of the subject's head for the duration of the trial. Figure 29 illustrates
all measured values for the turn condition across all of the monocular display trials.

Figure 29.

Monocular turn goniometrical data across all trials.
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Pitch is defined as the pivoting of the subjects head in a motion as if the subject
were attempting touch their ear to their shoulder. Neck pitch angles for the monocular
trials (N = 423448; M = 0.432; SD = 0.64) also illustrated a neutral position for the
subject's head with a maximum angular measurement of 2.59 degrees and a minimum
measurement of -2.145 as illustrated in Figure 30 where each of the recorded values for
the monocular pitch condition are graphed. These measurements illustrate that the
subjects were able to keep their head in a neutral position while performing the task using
the monocular display.

Figure 30.
Monocular pitch goniometrical data across all trials graphed in order from
greatest to least.
The Nod condition is defined as the pivoting of the subjects head in a motion
similar to an individual shaking their head to indicate "yes" in American cultures;
specifically vertically in an up and down motion. Neck angles measured from the subjects
using the monocular display (N =171085; M= -3.27; SD=11.80) illustrated extreme
angles during the task utilizing the monocular display. Figure 31 illustrates the nod
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condition for the monocular trials and shows the values of all collected data across all
trials sorted from greatest to least regardless of the trial. Table 10 provides descriptive
statistics of the monocular trial goniometry between the turn (N = 423448; M= -.049;
SD=0.579) pitch (N=423448; M=0.432; SD=0.641)and nod (N=171085; M=-3.271;
SD=11.800) conditions.

Figure 31.
Nod goniometrical data graphed between the Laptop and the Monocular
conditions across all trials.
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Table 10
Descriptive Statistics for Monocular Trial Goniometry
Monocular Turn Goniometry

Monocular Pitch Goniometry

Monocular Nod Goniometry

Mean

0.05

Mean

0.43

Mean

-3.27

Standard Error

0.001

Standard Error

0.001

Standard Error

0.029

Median

0.08

Median

0.51

Median

-2.03

Mode

0.15

Mode

0.52

Mode

0.00

Standard
Deviation

0.58

Sample Variance

0.34

Range

7.29

Range

4.74

Range

96.30

Minimum

-3.42

Minimum

-2.14

Minimum

-59.09

Maximum

3.87

Maximum

2.59

Maximum

37.22

Sum

-20934.00

Sum

182908.29

Sum

-559674.86

Count

423448

Count

423448

Count

171085

Largest (1)

3.870

Largest (1)

2.590

Largest (1)

37.215

Smallest (1)

3.418

Smallest (1)

-2.144

Smallest (1)

-59.085

Confidence
Level (95.0%)

0.002

Confidence
Level (95.0%)

0.002

Confidence
Level (95.0%)

0.056

Standard
Deviation
Sample
Variance

0.64
0.41

Standard
Deviation
Sample
Variance

11.80
139.25

Goniometrical Measurements for Laptop Trials. A turn is defined as the
twisting of the subjects head horizontally in a side to side motion. The turn statistics for
the laptop trials (N=464571; M=8.232; SD=21.57) consisted of angles measured between
68.715 and -72.045 illustrating that the subjects had to turn their heads to extreme angles
to perform the digitizing task.
Pitch is defined as the pivoting of the subjects head in a motion as if the subject
were attempting touch their ear to their shoulder. Neck pitch angles for the laptop trials
(N = 464751; M = 11.418; SD = 11.09) with a maximum measured neck pitch of 55.53
degrees and a minimum measurement of -49.95 degrees.
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The Nod condition is defined as the pivoting of the subjects head in a motion
similar to an individual shaking their head to indicate "yes" in American cultures;
specifically an up and down motion. Neck angles measured for the nod condition (N =
185817; M = -7.00575; SD = 11.037) from the subjects using the laptop are illustrated in
Figure 31. Table 11 provides the descriptive statics for the Laptop goniometry trials for
the turn (N=464571; M=8.232; SD=21.57), nod and pitch (N = 464751; M = 11.418; SD
= 11.09) conditions.
Table 11
Descriptive Statistics for Laptop Trial Goniometry
Laptop Turn Goniometry

Laptop Pitch Goniometry

Laptop Nod Goniometry

Mean

8.22

Mean

11.42

Mean

-7.00

Standard Error

0.03

Standard Error

0.03

Standard Error

0.03

Median

10.49

Median

14.31

Median

-7.56

Mode
Standard
Deviation
Sample Variance

21.02

5.67

292.09

Mode
Standard
Deviation
Sample Variance

-1.35

465.54

Mode
Standard
Deviation
Sample Variance

21.58

17.09

11.04
121.81

Range

140.76

Range

105.48

Range

85.91

Minimum

-72.05

Minimum

-49.95

Minimum

-42.62

Maximum

68.72

Maximum

55.53

Maximum

43.29

Sum

3824459

Sum

5304322

Sum

-1301787

Count

464571

Count

464571

Count

185817

Largest (1)

68.715

Largest (1)

55.53

Largest (1)

43.29

Smallest (1)
Confidence Level
(95.0%)

-72.045

Smallest (1)
Confidence Level
(95.0%)

-49.95

Smallest (1)
Confidence Level
(95.0%)

-42.615

0.06

0.05

0.05

Summary of Monocular and Laptop Goniometrical Measurements. It was
observed that by utilizing the monocular display treatment the subject neck angles for the
turn and pitch conditions were reduced by an order of magnitude, allowing the subject to
maintain a more neutral position with respect to these conditions. The traditional laptop
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condition did not allow the subject to maintain these neutral positions, and required that
the subject turn their head to sometimes extreme angles to accomplish the digitizing task.
This was required to shift focus between the specimen and the laptop yielding not only
more dynamic head dynamics, but also greater pitch angles by an order of magnitude
between the laptop and the monocular conditions.
Nod angles for both conditions were measured to be extreme, slightly more so for
the monocular trials than the laptop trials. This could have been caused by the extra
weight on the face of the subject, or it could have been because the subject could focus
more closely on the digitizing task.
Survey. Five questions in the first survey, illustrated in Table 12were included to
measure perceptions of the ergonomic conditions of the Faro arm laser digitizer. The
results of these questions were not significantly different between the experimental
conditions and the mode of the responses after the first trial exhibit a general attitude that
they are not experiencing any pain or discomfort. From the RULA and REBA analysis,
the treatment of the monocular display did not change the general ergonomics of the
user's arm or upper back. This survey was completed after the subject participated in two
untimed and unlimited training sessions and the first trial which lasted approximately
seven minutes. One interesting point is that after seven minutes of additional exposure
(trial 2), the mode of each of these questions shifts downward for each of these
statements except for the statement of "My lower back hurt". The statement of "My right
shoulder does not hurt." is the most dramatic mode shift in that it changed from a mode
of "moderately agree" to "Somewhat disagree". While the number of subjects and
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exposure time in this study was not significantly significant in this study, this statistic
could increase to statistical significance if the exposure time had been increased.
The researcher also included a statement into the second survey of the study for
the subjects to respond to which directly relates to the usability of the Faro arm. The
statement was "The Faro arm is not difficult to use". Subjects responded to this statement
with a mode of "Agree" and a Mean of 6.00 (SD = 1.64). None of the subjects responded
with "Very Strongly Agree", and the lowest response was "Disagree". This response
indicates that the subjects did not find the Faro arm to be difficult to use by the end of the
experiment indicating that the subjects were adequately trained to perform the digitizing
task and that they understood generally how the device works.
Subject responses to the statement "I have no pain between my shoulder blades."
were not significantly different between the two surveys (t = -0.06; Critical two-tail =
2.02). The mode for the first survey was "Very Strongly Agree"(9) Mean of 6.86 (SD =
2.29), with a mode of "Agree"(7) with a Mean of 6.90 (SD = 2.19) for the second survey.
This question was included to discover discomfort in the subject's upper back region that
may be caused by using the Faro arm device and the procedure required to digitize
objects.
Subject responses to the statement "My lower back hurts." were also found to not
be significant between the two surveys. (t = 0.13; Critical two-tail = 2.02). The mode for
both survey statements was "Very Strongly Disgree"(9) with a Mean of 5.91 (SD = 2.54)
for the first survey and a Mean of 5.81 for the second survey (SD = 2.4). This question
was included to discover if the cantilevering forces related to using the Faro arm digitizer
were significant enough to cause lower back pain.
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Subject responses to the statement "My left shoulder does not hurt." were not
significant. (t = 0.86; Critical two-tail = 2.02). The mode for the first survey was "Very
Strongly Agree"(9) Mean of 7.95 (SD = 1.09), with a mode of "Agree"(7) Mean of 7.57
(SD = 1.78) for the second survey. This question was included to determine if the
experimental procedure caused soreness in the subject's left shoulder region. As most of
the subjects were right handed, it is not surprising that the subjects agreed that their left
shoulder did not hurt.
Subject responses to the statement "My right shoulder does not hurt." were not
significant. (t = -0.01; Critical two-tail = 2.02). The mode for the first survey was
"Moderately Agree" (8) Mean of 6.09 (SD = 2.45), with a mode of "Somewhat Disagree"
(4) Mean of 6.10 (SD = 2.3) for the second survey. As with the previous statement, the
researcher was interested in discovering discomfort in the user's shoulders. The mode for
this statement shifted across the neutral response options included in the survey slightly
from "Moderately Agree" to "Somewhat Disagree" which suggests that the upper
shoulder region of the subject may be a point of interest for future study for users who
use the device for a long time period.
Subject responses to the statement "My abdominal (stomach) muscles do not
hurt." were not significant as illustrated in Table 4.23 (t = 0.63; Critical two-tail = 2.02).
The mode for the first survey was "Very Strongly Agree" (9) Mean of 7.91 (SD = 1.66),
with a mode of "Agree"(7) Mean of 7.62 (SD = 1.32) for the second survey. This
statement was included to discover if the repetitive bending at the waist caused
discomfort for the users of the Faro arm digitizing device.
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Table 12
Descriptive Statistics of device exposure disregarding order of treatment
Survey 1
Statement
"I have no pain
between my shoulder
blades."
"My lower back hurts."
"My left shoulder does
not hurt."
"My right shoulder does
not hurt."
"My abdominal
(stomach) muscles do
not hurt."

Mean

Survey 2

Mode St Dev. Mean

T-test

Mode St Dev. t Stat

Crit. twotail

6.86

9

2.29

6.90

7

2.19

-0.06

2.02

5.91

9

2.54

5.81

9

2.40

0.13

2.02

7.95

9

1.09

7.57

7

1.78

0.86

2.02

6.09

8

2.45

6.10

4

2.30

-0.01

2.02

7.91

9

1.66

7.62

7

1.32

0.63

2.02

The researcher included five questions, listed in Table 13, with the intent of
discovering any visual issues concerning the usability of the monocular display with the
Faro arm. These statements were designed to discover if the monocular display was
improperly applied during the experiment. For example, it was possible that the display
could have been placed over the user's non-dominant eye, the focal length could have
been improperly set and the display may have not been in the users bifocular region. Any
of or any combination of these issues could cause discomfort in the users. These
statements also measure the users' perceptions concerning the display in general and any
discomfort caused.
Responses to the statement "My eyes hurt." were not significant between the first
and the second survey (t = -0.14; Critical two-tail = 2.02). Within the two surveys this
question exhibited a mode of "Very Strongly Disagree" for both statements. This
statement from the first survey exhibits a Mean of 7.64 with a SD of 2.01. This statement
from the second survey was measured to have a Mean of 7.71 with a SD of 1.55.
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Inclusion of this statement is intended to discover any general discomfort that may have
been experienced by the subjects.
Responses to the statement "My eyes are not strained." were not significant
between the two surveys (t = 0.42; Critical two-tail = 2.02). This statement from the first
survey exhibited a Mean of 7.36, with a SD of 1.79 with a mode of "Very Strongly
Agree" (9). It was measured that this statement from the second survey exhibited a Mean
of 7.14 with a SD of 1.68 and a mode of "Moderately Agree" (8) for the second trial were
observed disregarding the order of the monocular treatment.
Responses to the statement "My eyes are having trouble focusing." were
significant between the trials as illustrated in Table 9 (t = -1.13; Critical two-tail = 2.02).
The mode of "Very Strongly Disagree" (1) was observed for both surveys with a Mean of
2.45 (SD = 1.5) for statement Q3a, with a Mean of 4.62 (SD = 2.62).
Responses to the statement "I can see clearly." were not significant between the
two surveys (t = -1.27; Critical two-tail = 2.02). The mode for the first survey was "Very
Strongly Agree" (1) with a Mean of 2.14 (SD = 1.39), with a mode of "Agree"(3) with a
Mean of 2.71 (SD = 1.59) for the second survey. This generally indicates that proximal
accommodation was not an issue during the experiment. This means that the focal length
of the monocular display was set properly.
Subject responses to the statement "My head hurts." were not significant as
illustrated in Table 13 (t = -0.41; Critical two-tail = 2.02). The mode for the first survey
was "Very Strongly Disagree"(1) Mean of 2.45 (SD = 1.79), with a mode of
"Disagree"(3) for the second survey Mean of 2.67 (SD = 1.59). The purpose of this
statement was to measure if the display was generally configured correctly.
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Table 13
Statements measuring potential visual issues using monocular displays
Survey 1

Survey 2

T-test

Mode

St
Dev.

t Stat

Crit twotail

7.71

9

1.55

-0.14

2.02

1.79

7.14

8

1.68

0.42

2.02

1

1.50

3.00

3

1.67

-1.13

2.02

2.14

1

1.39

2.71

3

1.59

-1.27

2.02

2.45

1

1.79

2.67

3

1.59

-0.41

2.02

Statement

Mean

Mode St Dev. Mean

"My eyes hurt."
"My eyes are not
strained."
"My eyes are
having trouble
focusing."
"I can see clearly."

7.64

9

2.01

7.36

9

2.45

"My head hurts"

Summary. The researcher seeks to measure if the monocular augmentation
improved the existing ergonomic conditions of the monocular display. This was
accomplished by directly measuring neck angles via electrogoniometry, completion of
the RULA and REBA ergonomic assessments and through questions included on each of
two surveys. The neck angles for turn, pitch and nod were compared between two
conditions and significant differences were found for both turn frequency as well as turn
magnitude. Angle magnitude was also significantly reduced for the turn and pitch
conditions by using the monocular display. The RULA and REBA ergonomic
assessments determined that ergonomic intervention was needed on the Faro arm device.
The questions included in the survey illustrated that the display was properly configured
and gave insight into a potential area of future study: the user's dominant shoulder.
Do users prefer to use the monocular augmentation or the traditional workstation
with the Faro arm laser digitizer?
Subject perceptions were included within this study to determine the preferences
of the individuals concerning the use of the laser digitizer as well as using the device with
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both the laptop and the monocular display. Survey data presented in this section are
provided without regard to the order of the treatment.
Survey 1. The focus of the first survey was on the physical experience of the Faro
arm laser digitizer during the first trial. Experimental condition is not a consideration
concerning the administration of this survey. There were not any differences of statistical
significance between the Laptop users and the Monocular users during the first trial.
Survey 2. In addition to the ten questions that were investigated in Survey 1, nine
questions, illustrated in Table 14, related to the digitizing task itself were investigated.
To measure the test subject's perceptions of the experimental conditions, the researcher
added several statements to make the second survey. These statements were:
Statement 11 -"I prefer to use the laptop with the laser digitizer."
Statement 16 -"I prefer to use the monocular display with the laser digitizer."
Subject responses for statement 11 exhibited a Mode of "Disagree" (M = 4.52 SD
= 2.48). Subject response range for this statement was from "Very Strongly Disagree" to
"Very Strongly Agree". Subject responses for statement 16 exhibited a Mode of
"Disagree"(M = 3.90 SD = 2.45) with a subject response range from "Very Strongly
Agree" to "Disagree". Subject responses between these two statements were correlated
with a coefficient of -0.95. This very strong negative correlation should be expected as
users are essentially being asked to choose one display or the other, and are therefore
mutually exclusive, and neutral users should be neutral between both instances of the
question.
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Table 14
General subject perceptions concerning using the Faro arm
Survey 2
Statement

Mean

Mode

Standard
Dev.

4.52

3 (Disagree)

2.48

3.90

7 (Disagree)

2.45

5.10

7 (Disagree)

2.14

6.00

7 (Agree)

1.64

5.90

7 (Disagree)

1.97

4.52

3 (Disagree)

2.48

6.43

7 (Disagree)

1.63

3.90

7 (Disagree)

2.45

5.00

3 (Disagree)

2.19

"I prefer to use the laptop with the laser
digitizer."
"I prefer to use the monocular display with
the laser digitizer."
"I could use the laptop with the digitizer for
eight hours a day."
"The Faro arm is not difficult to use."
"I could not use the laptop with the
digitizer for four hours a day."
"I prefer to use the laptop with the laser
digitizer."
"I could not use the monocular display with
the digitizer for four hours a day."
"I prefer to use the monocular display with
the laser digitizer."
"I could use the monocular display with the
digitizer for eight hours a day."

Subjects responded to the statement "I prefer to use the monocular display with the
laser digitizer" with a mode of "Disagree" (7) and a Mean of 3.9 (SD = 2.45). Subject's

responses ranged from with "Very Strongly Agree" (4), and the highest response was
"Disagree" (7).
The subjects were split between individuals who preferred the monocular display
and individuals who preferred to use the laptop. Individual preference should be taken
into account whenever considering the implementation of novel technologies for use. If
implementing a head-mounted display as an alternative interface the change agent should
also make an alternative possible it is available.
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Subjects responded to the statement "I could use the laptop with the digitizer for
eight hours a day." with a mode of "Disagree" (7) and a Mean of 5.10 (SD = 2.14).
Subject responses ranged from "Moderately Agree" (2) to "Very Strongly Disagree" (9).
Subjects responded to the statement "The Faro arm is not difficult to use" with a
mode of 'Agree" and a Mean of 6.00 (SD = 1.64). None of the subjects responded with
"Very Strongly Agree", and the lowest response was "Disagree".
Subjects responded to the statement "I could not use the laptop with the digitizer
for four hours a day" with a mode of "Disagree" and a Mean of 5.9 (SD = 1.97). None of
the subjects responded with "Very Strongly Agree"(1), and the highest response was
"Very Strongly Disagree"(9).
Subjects responded to the statement "I prefer to use the laptop with the laser
digitizer." with a mode of "Disagree" and a Mean of 4.52 (SD = 2.48). Subject's
responses ranged from with "Very Strongly Disagree" (1), and the highest response was
"Very Strongly Agree" (9).
Subjects responded to the statement "I captured more data using the laptop." with
a mode of "Somewhat Agree" and a Mean of 5.10 (SD = 2.43). Subject's responses
ranged from with "Very Strongly Disagree" (9), and the highest response was "Very
Strongly Agree" (1).
Subjects responded to the statement "I could not use the monocular display with
the digitizer for four hours a day." with a mode of "Disagree" (7) and a Mean of 6.43 (SD
= 1.63). Subject's responses ranged from with "Somewhat Agree" (4), and the highest
response was "Very Strongly Disagree" (1).
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Subjects responded to the statement "I prefer to use the monocular display with
the laser digitizer." with a mode of "Disagree" (7) and a Mean of 3.9 (SD = 2.45).
Subject's responses ranged from with "Very Strongly Agree" (4), and the highest
response was "Disagree" (7).
Subjects responded to the statement "I could use the monocular display with the
digitizer for eight hours a day" with a mode of "Disagree" (3) and a Mean of 5.0 (SD =
2.19). Subject's responses ranged from with "Moderately Disagree" (2), and the highest
response was "Very Strongly Agree" (9).
Self-Reported Comments from Subjects. The researcher allowed subjects to
respond with open ended comments concerning their overall experience during the
experiment:
L23855 "I felt I captured less data with the monocular due to readjusting the
tether. The monocular was much easier on my body. I also felt like I could switch my
attention from the object to the monocular faster than from the object to the laptop."
L12394 - "The only reason the monocular display didn't seem to work as well was
that because it was still hooked up to the laptop my range of motion was limited. Being
tethered to the laptop did not allow me to capture as much data. Otherwise, both displays
work about as well as the other except that there is a slight problem with readjusting to
normal vision after using the monocular display though the problem fixes itself quickly."
M76961 - "The laptop display seemed easier to use, as opposed to the monocular
display. Neither was difficult to use, but laptop is a little easier to use."

86

L37501 - "The Faro Arm's joints sometimes get in the way when digitizing. The
arms could possibly be longer? The monocular display makes it easy to know if the laser
sensor is used at the right distance. If a laptop is used I have to rely on peripheral vision."
L57056 - "I liked using the monocular display more because there was less head
turning. I had trouble getting to the other side of the teapot, the bending over motion to
get the other side was discomforting."
M89164 - "I believe the monocular display helped performance under timed
circumstances. Using the monocular display was also less straining on the body."
L80854 - "Great experience. The monocular display was beneficial, I just needed
more time to get acquainted with it."
M82322 - (Survey 1) "The monocle made using my right eye (stated dominant
eye) to judge more difficult due to the vision of the screen."
M77637 - (Survey 1; after a monocular trial) "It was sort of hard to focus and my
eyes kept drying out because of this. My shoulder doesn't hurt but it is a little tired. Other
than that it was OK."
Researcher Responses to Subject Comments. Scan data collected represent the
surface area of the specimen object. The laser scanner accurately captures digital threedimensional points, and then connects the dots with lines to form a very fine triangular
mesh. Subject L23855 actually captured 1,560,030 triangles with 29 holes using the
laptop, and 1,474,486 triangles (a difference of -5.49% with the monocular display) with
27 holes using the monocular display. The subject employed 22 scan sessions for both
trials. If the monocular display was customized to fit the subject better, it is likely that the
subject could have made up for this loss of performance.
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Subject L12394 captured 1,257,193 triangles with 65 holes in 12 scan sessions
using the laptop and 1,334,686 triangles (5.80 % more with the monocular display) with
14 holes with the monocular display in nine scan sessions. This subject's last statement is
evidence that the user was experiencing proximal accommodation. That is, the subject
was focusing on the placement of the display rather than the image which was displayed
at an appropriate focal length for most subjects. If the subject had verbalized any
discomfort during the experiment, it would have been addressed during the trial per
established IRB protocol.
In response to L37501, Faro does offer different sizes of their Faro Arms ranging
from 1.2 Meters to 3.7 Meters. For this study, a 1.8 Meter arm was used. From the last
statement, it appears that the subject preferred to use the display not in the bifocular
position, but from the center of their normal field of view. This is fine (and might
provide additional benefits, but more investigation is required), provided that the
individual is comfortable doing it.
The monocular display for M77637 might have been set to an improper focal
length for this user. The display was set to a distance of about 1 meter, which should have
been appropriate for most users. If the display were to be used with this subject on a
daily basis, it would be customized to accommodate this user. If the subject had
verbalized this, the display would have immediately been adjusted for him.
The subject M82322 might have been using the display over their passive eye
rather than their dominant eye. If this had been verbalized by the subject during the
experiment it would have been addressed appropriately per IRB protocol.

88

Summary. Because of the qualitative nature of user preference, the researcher
used 10 survey statements to measure the subject perceptions concerning using the
monocular augmentation over the traditional workstation with the Faro arm laser
digitizer. The subjects were split between who preferred to use the monocular display and
who preferred to use the laptop. Ultimately, the decision to use a monocular display as an
alternative user interface lies with the user.
Does using a monocular display with the Faro arm laser digitizer allow users to
digitize more efficiently?
There are several ways to quantify efficiency with a Faro arm laser digitizer.
Firstly, the ability to create scan data, that is, generate digital scan data that accurately
represent the geometry of interest during a timed interval. Secondly, the presence of holes
in the scan data is important. A hole (or missing data) requires the operator to postprocess the scan data to generate the data that are missing. While this takes additional
time to process the scan, it can also negatively affect the accuracy of the scan. This
occurs because the post-processing software approximates scan data based on the actually
measured geometry. Bumps are a significant source of digitizing inefficiency, requiring
the operator to restart the scanning process. If any of these can be reduced without
sacrificing one of the other variables, a gain in efficiency has been realized.
Subjects responded to the statement "I did not capture more data with the
monocular display." with a mode of "Disagree" (7) and a Mean of 7.0 (SD = 1.67).
Subject's responses ranged from with "Somewhat Agree" (4), and the highest response
was "Very Strongly Disagree" (9). This is illustrated in Table 15. This statement indicates
that the subjects felt that they were gathering more data with the monocular display.
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While they may have felt this way, the measured data illustrated that this was not the
case. However, the data that were gathered were of a higher quality, exhibiting fewer
holes.
Table 15
Subject perceptions concerning the monocular and laptop conditions

Statement
"I did not capture more data with the
monocular display."
"I captured more data using the
laptop."

Mean

Survey 2
Mode
Standard Dev.

4.62

3 (Agree)

2.62

5.1

4 (Somewhat
Agree)

2.43

The other statement condition related performance statement was "I captured
more data using the laptop." M=5.1 SD=2.43 with a mode of "Somewhat Agree". The
response range for this statement was from "Very Strongly Agree" to "Disagree". These
statements are interesting because while they do agree with each other, they also give
insight into the subject's perception of their performance. While many of the subjects felt
that they captured more data with the laptop there a significant difference in the amount
of data collected when using the monocular display or the laptop was not observed.
Subject responses to these statements exhibited a correlation coefficient of 0.961.
This is to be expected as these statements are mutually exclusive of each other.
Additionally, it is supportive of the general findings from statement 12 in which the
subjects stated that they felt that they gathered more data by using the laptop than by
using the monocular display.
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Subjects responded to the statement "I did not capture more data with the
monocular display." with a mode of "Agree" (3) and a Mean of 5.52 (SD = 2.46).
Subject's responses ranged from with "Somewhat Agree" (2), and the highest response
was "Very Strongly Disagree" (9).
Measured Number of Holes Present in Scan Data. There was a significant
difference observed in the number of holes in digitized models as compared between the
monocular and the laptop condition. A decrease in number of holes present is indicative
of capturing better scan data, which in turn requires less time post-processing to digitally
heal holes. Note that the subjects were performing the same scanning task (with the same
specimen) over the same duration of time (7 minutes) between the two conditions.
The number of holes measured by the subjects in the laptop condition was
measured to have a mean of 90.86 (SD = 121.45). Mean holes measured for the
monocular condition were 25.29 (SD = 32.95). The t-stat was determined to be 2.39
where the t critical (two-tail) was determined to be 2.02. as illustrated in Table 16. Other
non-significant but measured data in the Number of triangles, number of scan sessions
and the file size.
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Table 16
Results of collected scan data between the L and M trial
L trials
Subject Scan
Data
Number of
Holes
Number of
Triangles
Number of
Scan Sessions
File Size

M trials

T-test
Critical
T-stat
two-tail

Mean

Standard
Deviation

Mean

Standard
Deviation

90.86

121.45

25.29

32.95

2.39

2.02

1399352.19

204542.51

1368137.62

240124.28

.45

.02

16.00

7.87

13.71

5.30

.10

.02

27355.29 KB

6751.63

27544.095 KB

4926.00

.10

.02

Bumps. Bump occurrence was recorded whenever subjects bumped either the
specimen, the pedestal supporting the specimen, the tripod supporting the Faro Arm, or
the Faro arm itself. Twenty bumps occurred for the laptop condition (N = 22, M = .91, SD
=.92). Five bumps occurred during monocular trials (N = 21, M = .23, SD = .53) as
illustrated in Table 9.
Reducing the number of bumps or the likelihood of a bump occurring is a
significant factor in portable laser metrology. If a bump occurs, the relationship between
the machine and the specimen is changed and therefore the validity of the scan becomes
questionable. In practice, if a bump occurs the scan session is restarted so that the
operator can have confidence that the scan data collected is of the highest quality
possible. It is possible to piece scan sessions together via post processing, however this
requires computational merges to take place which could result in geometrical
discrepancies. If the specimen is very large (a car for example), error introduced by
merging the scan sessions could be exaggerated between the extremes of the data,
yielding serious geometrical degradation making the collected scan data useless. It is
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preferable in a case like this to register scan data against three-dimensional data points
and then merge the scans to the data to ensure scan validity.
Summary. Three research questions were investigated within the context of the
central hypothesis. These questions investigated the existing ergonomics of the Faro
brand articulated arm-based laser digitizer with the traditional laptop and the occluded
monocular display treatment, user preference between the conditions, and the measured
user efficiency differences. The ergonomics of the Faro brand articulated arm-based laser
digitizer were significantly improved in the user's neck region. From the survey results,
some users preferred to use the occluded monocular display, while others preferred to use
the laptop with the laser digitizer. User efficiency performing the task was measured to
have significantly improved through a reduction in the likelihood of bumps, and a
decrease in the presence of holes in the scan data. The occluded monocular display was
found to increase user comfort and was preferred by many of the users, as well as
increasing user efficiency using the equipment and reducing exposure to the Faro arm
laser digitizer.
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DISCUSSION AND FUTURE WORK

Introduction
Three-dimensional geometry of physical objects must be collected to facilitate the
quantitative analysis of objects as compared against the design intent of the objects. One
of the ways to accomplish the computational capture of this data is through an articulated
CMM outfitted with a laser probe. While this piece of equipment accomplishes the task
of capturing the three-dimensional data, it also forces the user to assume awkward
postures for extended amounts of time while performing the repetitive task of data
collection. It is hypothesized that the augmentation of a traditional Faro articulated armbased laser digitizer with a HMD will enhance the user experience of digitizing objects.
There are four types of HMDs. One of each of these displays was available to the
researcher for this study, and each type was evaluated for inclusion. An occluded
monocular display was determined to be the most suitable for this task, and was utilized
as the alternative user interface. The central hypothesis was investigated through the
exploration of three research questions:
1. Does the monocular augmentation improve the existing ergonomic conditions
of the Faro Arm?
2. Do users prefer to use the monocular augmentation or the traditional
workstation with the Faro arm laser digitizer?
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3. Does using a monocular display in conjunction with the Faro arm laser digitizer
allow the user to digitize more efficiently?
Does the monocular augmentation improve the existing ergonomic conditions of the
Faro Arm?
None of the relevant survey data were significantly different between the
conditions. However, subject responses were indicative of a general perception that the
Faro arm was difficult to use for laser digitizing applications. Furthermore, many of the
subjects felt as though they could not (or would not) use the Faro arm for 8 hours a day.
Neck dynamics were significantly improved by using the monocular augmentation as
recorded with electrogoniometry. The turn condition was significantly reduced, as was
the sum of all conditions measured (turn, nod and pitch). Utilizing the monocular display
also improved the quality of data collected as there were fewer holes. Users were also
less likely to bump the machine during the scanning process. The increase in scan quality
and the decrease in the likelihood to bump the machine reduce user exposure to the Faro
Arm, while allowing the collection of the required data, thus improving the ergonomic
conditions of the equipment. Neck dynamics for turn and pitch with the monocular
treatment were reduced to neutral angles (less than 10 degrees), but the nod condition
was still found to be extreme.
User posture was improved according to the paper-based ergonomic analysis tools
RULA and REBA. However, as illustrated by user perceptions and the RULA and REBA
analysis the digitization process of using articulated arm-based digitizers can be
ergonomically unsafe. Manufacturers of the equipment should consider this in future
designs of their CMMs, and do whatever they can to research and develop alternative
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methods of capturing surface geometry that do not expose operators to possible physical
harm.
While the long term effects of using monocular displays are not well understood,
Peli(1999) reported "…I know of no studies or case reports that illustrate detrimental
effects of intermittent use of monocular displays on visual function in children or adults"
(p. 226). During this study, there were no reports of visual (or any other type) of
discomfort after the conclusion of the study.
Do users prefer to use the monocular augmentation or the traditional workstation
with the Faro arm laser digitizer?
This study found that most of the users preferred to use the monocular display
over the laptop. However, the answer to this question ultimately depends on the user. It
would not be a good idea to force anyone to utilize the monocular display as the primary
interface for the Faro arm laser digitizer when an alternative is available. Users should be
presented the display as an alternative interface if they wish to utilize it for their own
comfort. It is essential that the monocular display (or any HMD) be presented to users
within the correct context so that they are aware of the physiological limitations of the
device. They must be shown how to properly apply the device for use in laser digitizing
applications. Users must wear the device over the correct eye, using an appropriate focal
length, as well as in a comfortable position. If the dynamics of using a monocular display
are not adequately explained to users, they may become prone to some of the negative
side effects of utilizing head-mounted displays such as dizziness, headaches, simulator
sickness and proximal accommodation. All of these symptoms can be avoided for most
users by simply educating them on the dynamics of using the device properly.
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Does using a monocular display with the Faro arm laser digitizer allow users to
digitize more efficiently?
There was not a significant difference between the amount of data that was
captured between the laptop and the monocular conditions. There was however a
significant reduction in both the number of holes collected using the monocular display,
as well as the occurrence of bumps during the digitizing trials. The reduction in the
number of holes present in the scans collected is indicative of higher quality scans that
should require less post-processing time to digitally reconstruct the models. This
reduction in the number of bumps also translates into a productivity gain by reducing the
likelihood that a specimen would have to be rescanned due to carelessness. This also
results in a reduction of exposure time for the operator to be exposed to the ergonomic
conditions of the Faro arm laser digitizer. Consequently, there was an increase in user
efficiency by utilizing the monocular display.
Outliers and General Researcher Perceptions
There were four outliers measured for the nod condition, which could be
indicative of an improper specimen stand height. That is, these could have been reduced
if the height of the work surface had been adjustable. The stand provided for this
experiment was a typical bar stool, which had a height of 30 inches. It is recommended
that users of laser digitizers be able to adjust the workstation height to accommodate their
anthropometry and preference for work height.
One of the problems with the Faro arm in general is the number of cables present
which offer the opportunity for operators to stumble over, or become entangled. Faro has
recently addressed this by adding Bluetooth wireless technology to their Faro arm
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product line, which removes one cable from the system. However, there are cables for
power to the machine itself, which in some cases can be minimized by using a battery.
This is impractical for many laser digitizing applications due to the power requirements
of the CMM equipment.
Implications and Discussion
Participants were recruited from the general student population. Test subjects
included 20 males and 2 female participants. The subjects were divided into two groups,
the L group and the M group. The L group received the traditional laptop condition as
their first trial, while the M group received the occluded monocular display as the first
treatment.
An interesting interaction between users of the monocular display and the laptop
was discovered with the monocular display treatment. If the subject could see the laptop,
which was used during training, they would still turn their head to look at the workstation
out of habit even though the display on the laptop was blank and they were wearing a
functioning monocular display. This issue was resolved by covering the workstation with
a cloth so that it was not visible during the monocular trials. By removing the workstation
from the user's visual field, the tendency of the user to look at the computer was
eliminated when the test subjects were using the monocular display.
Recommendations and Future Work
While this study was limited to volunteers from the general student population at
Mississippi State University, the researcher recognizes the need for continued research
before occluded monocular displays (and head-mounted displays in general) can be
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deployed in the field as a viable alternative to the traditional laptop/workstation
arrangement. It is recommended that more research should be done with experienced
users using monocular displays.
Additional research should be done on the bifocular region, as opposed to the
center of the field of view to determine dynamics when using head-mounted displays.
Peli (1990, 1998 & 1999) has lead the way for other researchers with his work
establishing the bifocular region as an area of interest for HMD applications. Subject
L37501 in the study preferred to utilize the monocular display within the center of their
field of view. While this practice is acceptable as long as the subject is comfortable doing
it, it might provide some benefit towards the completion of the task. An additional study
should be conducted comparing the positional benefits of placing the monocular display
in the center of the subjects eye as opposed to the bifocular region of the user's eye. The
bifocular region was selected for the comfort of the subjects, as the intent of this study
was to improve the experience of utilizing the Faro articulated arm-based laser digitizer.
For augmented reality and three-dimensional display applications, the monocular display
is utilized within the center of the individual's field of view in a persistent position, as
opposed to the bifocular region of the eye.
It has been only over the past decade that this research has taken place, and few
studies with very large sample sizes of subjects, have evaluated the effectiveness of head
mounted displays for industrial applications. Research efforts should be directed at the
implications of using head-mounted displays in industrial settings, particularly with
respect to user safety. Additionally, researchers should investigate long-term users for
any potential side effects. In the field of ergonomics, research should be directed at neck
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dynamics in general, and guidelines for neck turns, nods and pitch should be established
for others investigating the neck as an area of ergonomic interest.
While the monocular display used in this study was a color display, this is largely
irrelevant for users using the bifocular region of the eye as the peripheral region of the
eye cannot perceive color very well. If the users were to place the display within the
center of their field of view, this would likely become more important. More study should
be conducted concerning visual notifications within the bifocular region of the user's eye.
For example, the Faro arm digitizing software Geomagic 9 illustrates poor laser probe
positioning by changing an indicator on the screen from green to red. For bifocular
applications, it may be beneficial for the display to blink or change colors from black to
white instead of green to read.
This study utilized one brand of articulated arm based digitizer. Other brands do
exist, and should be studied. The monocular display used in this study worked well for
the task that the subject was performing. That is, capturing digital three-dimensional data
for analysis or inspection. This task was dynamic, requiring both of the user's hands and
required the user to switch their visual focus between the monocular display and the
specimen of interest. Monocular displays may work well for tasks which require the user
to visually monitor a gauge or real-time status indicator or while they are performing a
physical task. Safety is a paramount concern and should be considered whenever
implementing a HMD as a potential alternate user interface. Currently, the devices are
wired which could become tangled in machinery. The display occupies a portion of the
user's visual field, and therefore may make the wearer more prone to walking into
objects.
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It has been suggested that monocular displays may be useful for delivering work
instructions to shop floor assembly areas. This study did not investigate readability of text
through the monocular display. The resolution of the displays as a technological
limitation may contribute to difficulty concerning this aspect of using a monocular
display as the current available resolutions for these devices is quite low when compared
to the resolutions available for traditional computer monitors. Light weight HMDs which
are desirable to be applied in industrial applications are particularly difficult to find with
high-resolution displays.
The researcher was unable to find guidelines concerning repetitions and
ergonomic recommendations concerning the weight of objects attached to the users head.
In the absence of these recommendations, the researcher quantified what was measured
and then separated the angles into categories to allow the reader to easily understand the
magnitude of the measured neck angles with respect to the users neutral head position.
The application of these categories to correlate task to potential neck/upper back injury
has not been done.
Motion analysis technologies and techniques could have been used to yield better
static posture analysis. The motion analysis technologies available today allow for
multiple static posture analysis (RULA, REBA, etc.) to be performed across the frames
data collected allowing the researcher to analyze the task at a granular level.
Traditionally, the researcher would simplify the task into one representative posture and
complete the analysis based upon this posture. This was the technique that was used in
this study. Through using motion capture to gather postural data and by measuring many
analyses across the task the researcher is capable of determining the duration of each
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classification of the ergonomic conditions through the task of interest and therefore
yielding a more complete analysis of the task. Using motion capture for ergonomic
analysis is not uncommon, however there are many prerequisites including expensive
equipment and data post-processing can also be very tedious. It would have been
beneficial to perform such an analysis across several subjects to validate the as analyzed
postures observed by the researcher.
One ergonomic evaluation technique that would have been beneficial would be
the development of a dynamic posture analysis which also takes inertia and other
dynamic forces into account. The Faro brand arm has a counter weight mechanism built
inside of it. This counter-weighting mechanism can make the arm perform in unexpected
ways when the laser probe is attached to it which forces the user to adjust their position to
accommodate changes in the machine weighting. The researcher is unaware of a way to
accurately determine the ergonomic effects of shifting weights with respect to their
posture.
The long-term (repeated daily and for long periods of time) exposure effects to
monocular displays are not well known and should be studied to discover if any adverse
side effects are common and potentially how to mitigate negative side effects.
Additionally, work should be done on the displays to increase the display resolution,
reduce weight and eliminate cables if possible. Updating any one or all of these variables
will increase the utility of the device.
Users with extensive experience using the Faro arm laser digitizer should also be
studied in depth to determine if there are any common musculoskeletal injuries between
cohorts. Additionally, exposure durations to the machine should be studied as well as
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investigating scan efficiency across large long duration scans. This group should also be
studied using the monocular display as an alternative interface with respect to different
size specimens. While this study showed that an occluded monocular display was
effective in assisting the user to digitize small objects, it would be interesting to study
device interactions across users after several hours of use.
Colorblind users were excluded from this study per the IRB protocol. The
inclusion of colorblind users may provide some interesting differences between users
depending upon the user interface and the type of data being displayed. Additionally, the
author is unaware of any studies that couple auditory and/or tactile interface functions
with the monocular display. Applications which also use these features may further yield
some interesting dynamics. It is worth noting that there is an audio feature within the
Geomagic 9 software, however this was turned off to avoid confusion with the novice
subjects. The feature is largely not value added because it makes a noise only while you
are capturing data. The audio cueing in its current form cannot replace the visual gauge
that was referenced during the trial for the digitizing task.
The augmentation of the Faro arm brand articulated arm based laser digitizer
with an occluded monocular display was found to increase user comfort, reduce exposure
to the device and increase scan efficiency. However, the choice to use an occluded
monocular display as an alternative interface should ultimately lay with the user. The
display should be presented within the proper context, and the user should also be aware
of the potential side-effects and how to mitigate the undesirable results of using the
device inappropriately.
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